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Cathepsin K knockout protects 
against cardiac dysfunction in 
diabetic mice
Rui Guo, Yinan Hua, Olivia Rogers, Travis E. Brown, Jun Ren & Sreejayan Nair

Diabetes is a major risk factor for cardiovascular disease and the lysosomal cysteine protease cathepsin 
K plays a critical role in cardiac pathophysiology. To expand upon our previous findings, we tested the 
hypothesis that, knockout of cathepsin K protects against diabetes-associated cardiac anomalies. 
Wild-type and cathepsin K knockout mice were rendered diabetic by streptozotocin (STZ) injections. 
Body weight, organ mass, fasting blood glucose, energy expenditure, cardiac geometry and function, 
cardiac histomorphology, glutathione levels and protein levels of cathepsin K and those associated 
with Ca2+ handling, calcineurin/NFAT signaling, insulin signaling, cardiac apoptosis and fibrosis were 
determined. STZ-induced diabetic mice exhibited distinct cardiac dysfunction, dampened intracellular 
calcium handling, alterations in cardiac morphology, and elevated cardiomyocyte apoptosis, which 
were mitigated in the cathepsin K knockout mice. Additionally, cathepsin K knockout mice attenuated 
cardiac oxidative stress and calcineurin/NFAT signaling in diabetic mice. In cultured H9c2 myoblasts, 
pharmacological inhibition of cathepsin K, or treatment with calcineurin inhibitor rescued cells from 
high-glucose triggered oxidative stress and apoptosis. Therefore, cathepsin K may represent a potential 
target in treating diabetes-associated cardiac dysfunction.

Diabetes mellitus is an independent risk factor for heart failure and is and is characterized by dilated ventricles, 
hypertrophic cardiomyocytes, pronounced interstitial fibrosis, diastolic dysfunction, and impaired/preserved sys-
tolic function, which ultimately leads to heart failure1–5. Despite the availability of new drugs to control diabetes, 
the prevalence of diabetic cardiomyopathy continues to rise. Thus, novel therapeutics directed at the etiology and 
pathophysiologies underlying diabetic cardiomyopathy are needed.

Recent evidence suggests cathepsin K plays a significant role in the progression of cardiovascular diseases, 
as well as in the modulation of adiposity and glucose intolerance6. Cathepsin K is the most potent mammalian 
cysteine protease with strong elastase and collagenase properties. Physiologically cathepsin K has been shown to 
mediate cellular protein turnover, collagen degradation, and the remodeling of the extracellular matrix7. In addi-
tion, increased expression and activity of cathepsin K has been reported in the hypertrophic and failing heart8. We 
have previously shown that knocking out cathepsin K in mice alleviates obesity and pressure overload–associated 
cardiac dysfunction in mice9, 10. However, the explicit role of cathepsin K in diabetic cardiovascular complications 
or the potential mechanisms remains unknown. Accordingly, in this study, we hypothesized that cathepsin K 
knockout protects agains cardiac structural and functional alterations induced by diabetes. We also assessed the 
effect of deletion of cathepsin K on cardiomyocyte Ca2+ handling, oxidative stress, apoptosis and calcineurin/
NFATs (nuclear factor of activated T-cells) signaling.

Results
Biometric parameters and oxidative stress. As shown in Table 1, STZ-treated WT mice had a reduc-
tion in body weight and white adipose tissue mass, without significantly altering the mass of other organs. In 
contrast, these changes were not evident in the cathepsin K knockout mice. Although liver and kidney mass 
were unchanged following STZ-treatment, when normalized to body weight, the mass of these organs were sig-
nificantly increased compared to vehicle treatment, which was attenuated in cathepsin K knockout mice. No 
significant changes were observed in the heart mass with either the knockout or STZ-treatment. As anticipated, 
fasting blood glucose levels were elevated in STZ-treated WT mice compared to that of the vehicle control, which 
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was markedly attenuated by cathepsin K knockout. The ratio of reduced-to-oxidized glutathione (GSH/GSSG), a 
marker of oxidative stress, was diminished in the cardiac tissues following STZ-treatment, which was rescued in 
the cathepsin K knockout mice.

Metabolic properties. Diabetic mice exhibited metabolic anomalies as evidenced by reductions in oxy-
gen consumption (VO2), carbon dioxide production (VCO2), and respiratory exchange ratio (RER = VCO2/
VO2), under both light and light-dark cycles. Whereas cathepsin K knockout mice reconciled STZ-induced 
attenuation of VO2 and VCO2, which it did not alter RER (Fig. 1A–E,K–N). Furthermore, the total activity and 
energy expenditure (heat production) were markedly reduced in the dark cycle in WT diabetic mice, which were 
reversed in the cathepsin K knockout mice (Fig. 1F, I–J, O-P).

Echocardiographic properties. STZ-induced diabetes caused reductions in the resting heart rate and wall 
thickness (Fig. 2A–B), as well as increased end-diastolic dimension (EDD) and end-systolic dimension (ESD) 
(Fig. 2C–D). These anomalies were not observed in the cathepsin K knockout mice subjected to STZ-treatment. 
Furthermore, STZ-treatment significantly depressed fractional shortening in WT mice, which was reconciled 
in the cathepsin K knockout mice (Fig. 2F). Both absolute (not shown) and the normalized LV-mass (calculated 
using echocardiography) were comparable among all groups. However, consistent with its effects on heart mass 
(normalized to body weight), diabetic WT mice showed a tendency towards increased normalized LV-mass (not 
seen in cathepsin K knockout mice), which is attributable to a decrease in the body weight in the WT mice fol-
lowing STZ injections (Fig. 2E).

Cardiomyocyte contractile function and intracellular Ca2+ properties. There was no significant dif-
ference between STZ-treated and cathepsin K knockout mice with respect to resting cell length or time-to-peak 
shortening (TPS) in isolated cardiomyocytes (Fig. 3A,E). However, cardiomyocytes isolated from STZ-induced 
diabetic mice had significantly reduced peak shortening (PS), maximal velocity of shortening/relengthening 
( ± dL/dt), and prolonged time-to-90% relengthening (TR90), all of which were markedly diminished in car-
diomyocytes isolated from cathepsin K knockout mice treated with STZ (Fig. 3B–D,F). In addition, in cardio-
myocytes isolated from diabetic mice there was a significantly depression in intracellular Ca2+ rise in response 
to electrical stimulus (ΔFFI) (Fig. 4B), and reduced intracellular Ca2+ decay rate (single exponential curve fit) 
(Fig. 4C), and an unchanged resting intracellular Ca2+ concentration (Fig. 4A). In contrast, cathepsin K knockout 
negated STZ-induced prolongation in intracellular Ca2+ decay and depression in ΔFFI without affecting the 
baseline FFI.

Evaluation of cardiomyocyte hypertrophy and fibrosis. To evaluate the impact of genetically knock-
ing out cathepsin K on myocardial histology in diabetic mice, cardiomyocyte cross-sectional area and car-
diac fibrosis were examined (Supplementary Fig. 1). FITC-conjugated wheat-germ staining sections revealed 
increased cardiomyocyte cross-sectional area following STZ-treatment, which indicates cardiomyocyte hyper-
trophy. In contrast, cardiomyocytes from cathepsin K knockout mice subjected to STZ-treatment resisted hyper-
trophy (Supplementary Fig. 1E–H,J). Masson trichrome staining revealed the presence of perivascular fibrosis in 
the diabetic heart, which appeared to be attenuated in cathepsin K knockout mice (Supplementary Fig. 1A–D). 
Additionally, Supplementary Fig. 1I shows a trend towards attenuation of diabetes-induced elevation in collagen 
type I content in the cathepsin K knockout mice.

Parameter WT WT-STZ Ctsk−/− Ctsk−/−–STZ

Body weight (g) 27.1 ± 0.8 22.7 ± 1.4* 25.9 ± 0.9 24.7 ± 0.8

Body weight gain (g) 1.67 ± 0.46 −2.44 ± 0.62* 1.29 ± 0.26 −0.66 ± 0.44*†

White adipose tissue (g) 1.37 ± 0.09 014 ± 0.06* 0.36 ± 0.03 −0.20 ± 0.04

Heart weight (mg) 131 ± 5 117 ± 8 128 ± 9 125 ± 5

Liver weight (g) 1.39 ± 0.07 1.43 ± 0.08 1.37 ± 0.09 1.53 ± 0.06

Kidney weight (g) 0.32 ± 0.02 0.33 ± 0.02 0.36 ± 0.03 0.38 ± 0.01

Heart/body weight (mg/g) 4.73 ± 0.11 5.21 ± 0.14 4.79 ± 0.21 4.88 ± 0.15

Liver/body weight (mg/g) 50.4 ± 1.3 64.1 ± 1.4* 51.4 ± 1.6 60.1 ± 2.7*

Kidney/body weight 
(mg/g) 11.5 ± 0.5 14.9 ± 0.8* 13.4 ± 0.5 15.0 ± 0.5*

Fasting blood glucose 
(mg/dL) 107 ± 8.5 415 ± 55* 110 ± 7.4 287 ± 32*†

Water consumption (mL) 5.4 ± 0.25 16.2 ± 2.5* 5.6 ± 0.97 19.7 ± 2.6*

Cardiac GSH (nmol/mg 
tissue) 26.9 ± 1.7 24.7 ± 1.1 26.6 ± 1.8 29.9 ± 1.4

Cardiac GSSG (nmol/mg 
tissue) 14.3 ± 0.9 19.6 ± 0.7* 13.3 ± 1.1 17.2 ± 0.8

Cardiac GSH/GSSG ratio 1.95 ± 0.16 1.28 ± 0.07* 2.08 ± 0.11 1.80 ± 0.15†

Table 1. General features of C57 and Ctsk−/− mice following 4-weeks of STZ-treatment. Mean ± SEM, n = 6 to 
8 mice per group. *p < 0.05 versus WT group; †p < 0.05 versus WT-STZ group.
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Calcineurin/NFAT signalling. To explore the potential mechanisms involved in the cardiac mechanical 
responses to genetically knocking out cathepsin K, calcium regulatory proteins SERCA2a and the phosphoryla-
tion of PLB, as well as calcineurin/NFATs signaling were examined in whole cell lysates by Western blot (Fig. 5). 
Levels of SERCA2a and p-PLB were significantly reduced in diabetic WT mice. STZ challenge enhanced the 
calcineurin expression while decreased the NFATc3 phosphorylation without any alterations in NFATc1. These 
changes were reconciled in cathepsin K knockout mice.

Metabolic signaling, apoptosis and fibrosis. To determine the consequence of knocking out cathepsin 
K on metabolic signaling, apoptosis, and ECM remodeling in the myocardium, we measured protein expression 
and phosphorylation of AKT and GSK3β, apoptotic markers Bax, Bcl-2 and cleaved caspase-3, as well as TGF-β. 
Western blot analysis showed that diabetes dampened phosphorylation of AKT and GSK3β, p-AKT-to-AKT ratio 
and p-GSK3β-to-GSK3β ratio, and enhanced expression of Bax, Bcl-2, cleaved caspase-3 and TGF-β, which was 
mitigated in the cathepsin K knockout. There was no change in protein expression of AKT or GSK3β for either 
diabetes or cathepsin K knockout conditions (Figs 6 and 7).

Effects of pharmacological inhibitors on glucose-induced apoptosis and oxidative stress in 
H9c2 cells. To further examine the role of cathepsin K in apoptosis and oxidative stress, cultured H9c2 cells 
were subjected to high-glucose (25 mM) condition in the absence or presence of a cathepsin K inhibitor II (Cat K 
I-II). Protein levels for AKT, phosphorylation of AKT, apoptotic markers, as well as reactive oxygen species (ROS) 
were evaluated. Furthermore, we evaluated the contribution of NFAT pathway, which included a pharmacological 
inhibitor of calcineurin cyclosporine A (CsA) in these studies. Western blot results in Fig. 8 and ROS determina-
tion in Fig. 9 shows that treatment with high-glucose upregulated cleaved caspase-3, Bax, Bax/Bcl-2 ratio, ROS 

Figure 1. Metabolic properties of wildtype (WT) and cathepsin K knockout (Ctsk−/−) mice challenged with 
vehicle or streptozotocin (STZ) during light and dark cycles. (A–B) volume of O2 consumption (VO2) in the 
light cycle; (C–D) volume of CO2 production (VCO2) in the light cycle; (E) respiratory exchange ratio (RER) in 
the light cycle; (F) energy expenditure (heat) in the light cycle; (G–H) physical activity in the light cycle; (I,J) 
physical activity in the dark cycle; (K) RER in the dark cycle; (L) VO2 during an entire light-dark cycle; (M) 
VCO2 during an entire light-dark cycle; (N) RER during an entire light-dark cycle; (O) physical activity during 
an entire light-dark cycle; (P) heat during an entire light-dark cycle. Mean ± SEM, n = 5–7 mice per group, 
*p < 0.05 vs. WT group, †p < 0.05 vs. WT-STZ group
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level, decreased p-AKT without influencing pan AKT and expression of Bcl-2. Inhibiting cathepsin K activity or 
calcineurin using their respective pharmacological inhibitors Cat K I-II or CsA markedly attenuated these effects.

Discussion
Dilated cardiomyopathy is a cardiovascular complication in diabetic subjects, which eventually leads to heart 
failure1, 2. In addition, diabetes is associated with structural and functional changes within the heart. These adap-
tations result in diastolic and systolic dysfunction and oxidative damage ending in a decompensated state. Despite 
the availability of several therapeutic options to treat diabetes and cardiac dysfunction, the prevalence of diabetic 
cardiomyopathy is on the rise. Therefore, identifying and characterizing pharmacological agents to treat or allevi-
ated diabetes-associated cardiac dysfunction therefore represents an important clinical need. To our knowledge, 
this is the first study to show that knocking out cathepsin K confers protection against diabetes-associated cardiac 
complications. Specifically, we showed that knocking out cathepsin K alleviates diabetes-induced hyperglycemia, 
alterations in energy metabolism, and “normalizes” cardiac structure and functional anomalies. Furthermore, 
cathepsin K deficiency suppressed diabetes-associated myocardial apoptosis, oxidative stress and calcineurin/
NFATs signaling. In cultured cardiomyocytes, glucose toxicity perturbed intracellular Ca2+ homeostasis due to 
alterations of calcium-related proteins. These changes were reconciled by deletion of cathepsin K. At the molec-
ular level, cathepsin K activated calcineurin, facilitating the nuclear translocation of transcription factors NFAT 
and subsequent apoptosis.

We had previously shown that genetic knockout of cathepsin K protects against high-fat diet and 
abdominal-aortic constriction-induced cardiac hypertrophy and dysfunction9, 10. However, in both these models, 

Figure 2. Echocardiographic properties in WT and Ctsk−/− mice treated with or without streptozotocin. (A) 
heart rate; (B) wall thickness; (C) left ventricular (LV) end-diastolic diameter; (D) LV end-systolic diameter; (E) 
LV mass normalized to body weight; (F) fractional shortening. Mean ± SEM, n = 6–8 mice per group. *p < 0.05 
vs. WT group, †p < 0.05 vs. WT-STZ group.
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it is uncertain whether cathepsin K knockout has a direct effect on cardiac anomalies associated with overt hyper-
glycemia as the former is a model for insulin resistance whereas the latter is a model for pressure-overload. In 
this study, we treated the mice with streptozotocin, which results in the destruction of the pancreatic beta cells 
leading to type I diabetes. Streptozotocin-induced diabetic mice typically exhibit dilated cardiomyopathy, unlike 
the high-fat diet and abdominal aortic constriction models used previously, which results in hypertrophic car-
diomyopathy. Previous studies have shown that inhibition of cathepsin K attenuates obesity-induced increase in 
serum glucose and insulin, and improves systemic glucose utilization6, 11, 12, which is confirmed by our current 
study wherein cathepsin K knockout mice had lower serum glucose levels compared to the wildtype mice follow-
ing STZ injection. Metabolic analysis revealed that the volume of O2 consumption, volume of CO2 production, 
the total activity and heat generation were significantly diminished in STZ-challenged mice, and these effects 
were dramatically attenuated in cathepsin K knockout mice. Thus indicating that cathepsin K deletion may con-
tribute to the augmentation of metabolism, which has been suggested in studies from the group of Funicello and 
coworkers11. Additionally, STZ-injection significantly reduced the body weight gain, and enlarged cardiomyocyte 
cross-sectional area, which were mitigated by cathepsin K knockout. Consistent with previous observations, in 
our studies, STZ-treatment resulted in enlarged ventricular chambers13, 14. Genetic deletion of cathepsin K atten-
uated diabetes-associated changes in cardiac posterior wall thickness, increase in LVEDD and LVESD, as well as 
the reduction in fractional shortening and heart rate. This suggests there may be a protective role of knocking out 

Figure 3. Cardiomyocyte contractile properties in WT and Ctsk−/− mice treated with or without 
streptozotocin. (A) Resting cell length; (B) peak shortening (PS), normalized to cell length; (C) maximal 
velocity of shortening (+dL/dt); (D) maximal velocity of relengthening (−dL/dt); (E) time-to PS (TPS); (F) 
time-to-90% relengthening (TR90). Mean ±SEM, n = 92–97 cells from three mice per group. *p < 0.05 vs. WT 
group, †p < 0.05 vs. WT-STZ group.
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cathepsin K activity on diabetes-induced cardiac changes. In addition, our data suggests cathepsin K has a critical 
role in cardiac pathology, as diabetic mice lacking cathepsin K did not develop abnormalities in cardiomyocyte 
contractility, intracellular Ca2+ homeostasis, and dysregulated calcium-related proteins such as SERCA2a and 
PLB. While glucose toxicity elevated the levels of cathepsin K and calcineurin A and the phosphorylation of its 
downstream effector NFATc3, which were attenuated in the cathepsin K knockout mice. The contribution of 
reductions in blood glucose (by cathepsin K knockout) to the beneficial cardiac profile in the diabetic mice can-
not be ruled out. A limitation of the present study is that we did not have a conditional knockout to delineate the 
difference. Also, previous studies have shown that streptozotocin can have direct cardiotoxic effects when admin-
istered systemically, another limitation of our study is that we cannot fully rule out the contribution of cathepsin 
K knockout in countering this direct effect15, 16.

Cardiac injury often triggers a fibrotic response which may be attributed to the activation of proteases found 
in cardiomyocytes, cardiac fibroblasts or enmeshed in the extracellular matrix17. Interstitial fibrosis can lead to 
both structural and functional alterations of the heart. Therefore, proteases and antiproteases have been the tar-
get of extensive investigation in a bid to understand the progression of cardiac fibrosis and hence cardiovascu-
lar disease18, 19. Among the proteases studied for their role in cardiac fibrosis are the matrix metalloproteinases 
(MMP2 and MMP9), plasminogen activator inhibitor-1, calpains, caspases and plasmin and their endogenous 
inhibitors20. In addition, cathepsin D has been shown to be play detrimental role in diabetic cardiomyopathy 

Figure 4. Cardiomyocyte intracellular Ca2+ handling properties in WT and Ctsk−/− mice treated with or 
without streptozotocin. (A) Resting fura-2 fluorescence intensity (FFI); (B) electrically-stimulated rise in FFI 
(ΔFFI); (C) intracellular Ca2+ decay rate (single exponential); Mean ± SEM, n = 105–120 cells from four mice 
per group. *p < 0.05 vs. WT group, †p < 0.05 vs. WT-STZ group.
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whereas cathepsin L has a protective effect, underscoring the unique role of each protease21. Our current study 
adds cathepsin K to the repertoire of proteases that play a critical role in regulating cardiac function, thus broad-
ening the potential target for treating cardiovascular disease.

Calcineurin is a serine/threonine-protein phosphatase that plays a pivotal role in eliciting hypertrophic 
responses by activating NFAT transcription factors and contributes to the development of dilated cardiomy-
opathy and heart failure22. Calcineurin has two subunits, a catalytic subunit, calcineurin A, and a regulatory 
subunit calcineurin B with four intrinsic Ca2+-binding sites. Calcineurin A has a catalytic domain and three 
regulatory domains including a calmodulin (CaM) binding domain, a calcineurin B binding domain and an 
autoinhibitory domain23. Conventionally, calcineurin is activated by increased intracellular Ca2+ concentration, 
which in turn triggers a Ca2+/CaM complex associated with calcineurin A through CaM binding domain and 
calcineurin B binding domain to expose the substrate binding cleft by releasing the autoinhibitory domain24. Our 
results showed higher levels of intracellular Ca2+ and calcineurin A together with an upregulation of cathepsin 
K in diabetic heart, which could potentially trigger CaM binding to its effector domain to increase the activity of 
calcineurin A25.

Inhibition of calcineurin/NFATs activity protects cardiomyocytes from hypertrophy by suppressing of 
hypertrophic genes26, 27. Activation of calcineurin dephosphorylates cytosolic NFATs, which translocate to the 
nucleus leading to transcription of genes28, 29. NFATc2, NFATc3 and NFATc4 (NFAT3) have been demonstrated as 
downstream targets of calcineurin that trigger hypertrophic signaling, especially NFATc330–32. NFATc1 (NFAT2) 

Figure 5. Western blot analysis exhibiting levels of Ca2+ regulatory proteins as well as calcineurin A-NFAT 
signaling in myocardium from WT and Ctsk−/− mice treated with or without streptozotocin. (A) Representative 
gel blots of SERCA2a, phosphorylation of phospholamban (p-PLB), calcineurin A, phosphorylation of NFATc3, 
NFATc1 and GAPDH (loading control) using specific antibodies; (B) SERCA2a/GAPDH; (C) p-PLB/GAPDH; 
(D) calcineurin A/GAPDH; (E) p-NFATc3/GAPDH; (F) NFATc1/GAPDH. Mean ± SEM, n = 6 to 7 mice per 
group. *p < 0.05 vs. WT group, †p < 0.05 vs. WT-STZ group.
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exhibits a critical role in ECM remodeling, development of heart valves and coronary vessels during cardiac 
maturation, and has been shown to be an essential regulator of cathepsin K by RANKL signaling33–35. Our data 
using cultured H9c2 cells suggest that cathepsin K regulates the calcineurin/NFATc3 cascade in the progression 
of cardiac remodeling. In addition, calcineurin also affects Ca2+ fluxes by mediating various Ca2-related proteins 
and channels in the heart, specifically, SERCA2a, RyR/Ca2+-release channels and the L-type Ca2+ channel, the 
alteration of which is important for initiating hypertrophic processes and cardiac remodeling36. Finally, Ca2+ 
disorder can also cause cardiomyocyte contractile dysfunction and contribute to the pathophysiology of heart 
failure37. In our studies, calcineurin inhibitor CsA attenuated high glucose mediated impairment of SERCA2a 
(data not shown), suggesting a crosstalk between calcineurin and Ca2+ regulation. A major shortcoming of our 
approach is that we have used H9c2 cells (which have nevertheless been widely used to study cardiac signaling) 
rather than primary cultures for these signaling studies owing to the challenges in maintaining viable primary 
cells for over 24 h in culture.

Figure 6. Phosphorylation of AKT, Phosphorylation of GSK3β, total AKT, total GSK3β and TGF-β in 
myocardium from WT and Ctsk−/− mice treated with or without streptozotocin. (A) Representative gel blots of 
p-AKT, AKT, p-GSK3β, GSK3β, TGF-β and GAPDH (loading control) using specific antibodies; (B) p-AKT/
GAPDH; (C) AKT/GAPDH; (D) p-AKT/AKT Ratio; (E) p-GSK3β/GAPDH; (F) GSK3β/GAPDH; (G) 
p-GSK3β/GSK3β Ratio (H) TGF-β/GAPDH. Mean ± SEM, n = 6 to 7 mice per group. *p < 0.05 vs. WT group, 
†p < 0.05 vs. WT-STZ group.
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We also found that knocking out cathepsin K reversed high-glucose-induced upregulation of Bax and cleaved 
caspase-3, and prevented the alterations in Bcl-2, which is in agreement with earlier observations that cathepsin 
K is involved in modulating apoptotic signaling in cardiomyocytes10, and other cell types such as osteoclasts and 
lung fibroblasts38. However, the precise molecular mechanism by which cathepsin K induces apoptosis in the 
heart remains unclear. It was reported that high-levels of calcineurin activity is closely associated with ischemia 
and caspase-3-mediated apoptosis, which can be reduced by pre-incubation with calcineurin inhibitors FK506 
or cyclosporine A39. Furthermore, overexpression of Bcl-2 suppresses activation of calcineurin/NFAT–mediated 
apoptosis40. Additionally, constitutive overexpression of truncated calcineurin A, which lacks an autoinhibitory 
domain, is capable to induce apoptosis in different cell types41.

Alteration of intracellular Ca2+ is an important contributor to cellular apoptosis42. Our in vivo and in vitro studies 
demonstrated that knocking out cathepsin K significantly attenuated STZ-enhanced calcineurin/NFAT signaling and 
reduced GSH/GSSG. Pharmacological inhibition of cathepsin K and calcineurin decreased high glucose-induced ROS 
generation, apoptosis, and alterations in phospho-AKT. These observations favor the notion that the targeting cathep-
sin K activity lowers glucose-induced oxidative stress and apoptosis which may be mediated by the remission of intra-
cellular Ca2+ disturbance and restored calcineurin-induced AKT dephosphorylation, thus triggering a pro-survival 
mechanism. Despite the documented role of cathepsin K as a protease, we did not observe distinctive changes in cardiac 
fibrosis, collagen content and TGF-β in cathepsin K knockout mice. Therefore, our data suggests a potentially nontra-
ditional role of this protease in mediating its beneficial effects. The increased activation of GSK3β through its dephos-
phorylation is consistent with the studies, which showed that AKT inhibits GSK3β43 and calcineurin dephosphorylates 
GSK3β at Ser944. The activated GSK3β further suppresses the glycogen synthesis from glucose45.

In summary, these data suggest that knocking out cathepsin K deficiency mitigates diabetes-induced cardiac 
anomalies due to attenuation in calcineurin/NFAT signaling and subsequent reduction in cardiac oxidative stress 
and apoptosis. Thus, targeting cathepsin K may represent a novel strategy to treat or prevent diabetes-associated 
cardiac complications.

Methods
Animals. All studies were performed in accordance to the relevant guidelines and was approved by the 
University of Wyoming’s Institutional Animal Care and Use Committee. Three-month-old male cathepsin K 
knockout mice (Ctsk−/−) and C57BL/6 mice (wildtype) were subjected to intraperitoneal injections of streptozo-
tocin (STZ, 100 mg/kg/day) dissolved in 0.1 M sterile citrate buffer or vehicle for 2 consecutive days. Following 
4-weeks, fasting blood glucose levels were monitored using a glucometer. Mice with fasting blood glucose lev-
els > 13 mM were deemed diabetic46, 47.

Echocardiographic analysis. Cardiac geometry and function were evaluated in anesthetized mice 
using a two-dimensional guided M-mode echocardiography (Sonos 5500; Phillips Medical System, Andover, 
MA) equipped with a 15-6 MHz linear transducer as reported previously48. Heart rate, diastolic wall thickness, 
end-diastolic dimension (EDD), and end-systolic dimension (ESD) were measured. All measurements were done 

Figure 7. Apoptosis markers Bax, Bcl-2 and cleaved caspase-3 expression in myocardium from WT and 
Ctsk−/− mice treated with or without streptozotocin. (A) Representative gel blots of Bax, Bcl-2, cleaved 
caspase-3 and GAPDH (loading control) using specific antibodies; (B) Bax/GAPDH; (C) Bcl-2/GAPDH; (D) 
cleaved caspase-3/GAPDH; Mean ± SEM, n = 6 to 7 mice per group. *p < 0.05 vs. WT group, †p < 0.05 vs. WT-
STZ group.
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from leading edge to a leading edge in accordance with the Guidelines of the American Society of Echocardiography49. 
Heart rates were averaged over 10 cardiac cycles. The percentage of LV fractional shortening and LV mass (g) were 
calculated as [(EDD − ESD)/EDD] × 100 and 0.8(1.04[([LVEDD + IVSd + PWd]3 − LVEDD3)]) + 0.6 respectively. 
Normalized LV mass was calculated as LV mass (mg)/body weight (g)50, 51.

Metabolic measurement. Metabolic measurements were made using the Comprehensive Laboratory 
Animal Monitoring System (CLAMS™, Columbus Instruments, Columbus, OH)52. Four weeks after 
STZ-injection, WT and Ctsk−/− mice were individually placed in the CLAMS metabolic cages with 100 ml water 
and ad libitum access to food. Following acclimation, metabolic parameters including volume of carbon dioxide 
produced (VCO2), the volume of oxygen consumed (VO2), the respiratory exchange ratio (RER = VCO2/VO2), 

Figure 8. Western blot analysis of Bax, Bcl-2, cleaved caspase-3, phosphorylation of AKT, AKT and GAPDH 
(loading control) in H9c2 cells treated with 25 mM high glucose in the present or absent of cathepsin K 
inhibitor CatK I-II or calcineurin inhibitor CsA. (A) Representative gel blots of Bax, Bcl-2, cleaved caspase-3, 
p-AKT, ATK and GAPDH (loading control) using specific antibodies; (B) cleaved caspase-3/GAPDH; (C) Bax/
GAPDH; (D) Bcl-2/GAPDH; (E) Bax/Bcl-2 ratio; (F) p-AKT/GAPDH; (G) AKT/GAPDH; (H) p-AKT/AKT 
ratio. *p < 0.05 vs. LG group, †p < 0.05 vs. HG group.
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the caloric (heat) value and physical activity (all horizontal beam breaks in count) were determined. All the 
parameters were measured every 15 min for 10 hours during daytime and 10 hours during nighttime. Results that 
were recorded in the first and last 2-hours were not used.

Isolation of murine cardiomyocytes. Murine cardiomyocytes were isolated as described previously53. After 
ketamine/xylazine sedation, hearts were removed and perfused with Ca2+-free HEPES-buffered Tyrode’s solution 
containing (in mM): NaCl 120, KCl 15, KH2PO4 0.6, Na2HPO4 0.6, NaHCO3 4.6, MgSO4 1.2, HEPES 10, taurine 30, 
glucose 10, butanedione monoxime 10 at pH 7.4, and gassed with 95% oxygen and 5% carbon dioxide. Hearts were 
digested with 1 mg Liberase TH (Roche Diagnostics, Indianapolis, IN, USA) in 20 ml perfusion buffer for 10–15 min 
to harvest the cells. Only rod-shaped myocytes with clear edges were selected for mechanical study.

Cell shortening/relengthening. Mechanical properties of cardiomyocytes were evaluated using a SoftEdge 
Myocam® system (IonOptix Corporation, Milton, MA). Cardiomyocytes were placed in a chamber mounted on 
the stage of an inverted microscope (Olympus IX-70) and superfused with a HEPES buffer containing 1 mM 
CaCl2. Myocytes were field stimulated with suprathreshold voltage at a frequency 0.5 Hz using a pair of plati-
num wires placed on opposite sides of the chamber connected to a FHC stimulator (Brunswick, NE). IonOptix 
SoftEdge software was utilized to capture cell shortening and relengthening changes. Cell shortening and 
relengthening were assessed using the following indices: resting cell length, peak shortening (PS), time-to-PS 
(TPS), time-to-90% relengthening (TR90), and maximal velocity of shortening/relengthening (±dL/dt)54.

Intracellular Ca2+ transient. Cardiomyocytes were loaded with fura-2/AM (0.5 μM) for 15 min, and 
fluorescence intensity was recorded with a dual-excitation fluorescence photomultiplier system (IonOptix). 
Cardiomyocytes were placed onto an Olympus IX-70 inverted microscope and were imaged through a Fluor × 40 
oil objective. Cells were exposed to light excited by a 75 W lamp and passed through either a 360 or a 380 nm 
filter, while being stimulated to contract at a frequency of 0.5 Hz. Fluorescence emissions were detected between 
480–520 nm and qualitative change in fura-2 fluorescence intensity (FFI) was inferred from the FFI ratio at the 
two wavelengths (360/380 nm). Fluorescence decay time (single exponential) was calculated as an indicator of 
intracellular Ca2+ clearance54.

Myocardial histology. Following anesthesia, hearts were excised and immediately placed in 10% 
neutral-buffered formalin at room temperature for 24 h. White adipose tissues were collected from both sides of their 
lower abdomen and the weight was determined. Following sectioning, heart tissues were dehydrated through serial 
alcohols and cleared in xylenes. The specimen was embedded in the paraffin and cut into 5μm sections. Slides were 
deparaffinized, washed once in PBS, and stained with 0.1 mg/ml Lectin-FITC conjugate (SIGMA-Aldrich, L-4895) for 
2 h at room temperature in the dark55. Slides were then washed with PBS and mounted with Fluoromount-G mounting 
media (Southern Biotech, Inc., Birmingham, AL). Cardiomyocyte cross-sectional area was measured and quantified 
from 90 random cardiomyocytes by using a digital microscope (×400) and the Image J (version1.39 u) software. The 
Masson’s trichrome staining was used to detect fibrosis in heart sections using a Masson’s Trichrome stain kit56.

Determination of reduced and oxidized glutathione (GSH and GSSG). Tissue samples (~50 mg) 
were sonicated in picric acid and centrifuged at 13,500 × g for 20 min. One aliquot of the supernatant was used 
to directly measure total GSH assay and the other for GSSG. 100 μl of supernatant fractions were treated with 
2 μl vinyl pyridine to scavenge GSH for the GSSG determination. The GSSG was then subtracted from the total 
glutathione to evaluate the GSH levels. GSH was determined by the DTNB-glutathione reductase recycling 
mechanism53.

Figure 9. Reactive oxygen species (ROS) levels in H9c2 cells treated with 25 mM high glucose in the present or 
absent of cathepsin K inhibitor CatK I-II or calcineurin inhibitor CsA. *p < 0.05 vs. LG group, †p < 0.05 vs. HG 
group.
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Collagen ELISA assay. Cardiac collagen type I level was measured using a mouse Type I Collagen Detection 
Kit (Chondrex, Inc., Redmond, WA) per manufacturer’s specifications.

Detection of Reactive Oxygen Species (ROS). Intracellular ROS levels were evaluated by measuring 
the changes in fluorescence intensity resulting from intracellular probe oxidation, using a membrane-permeable 
probe 5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Molecular Probes, 
Eugene, OR, U.S.A.)57. H9c2 cells were grown in a clear bottom and black side 96-well plate in the Dulbecco’s 
Modified Eagle Medium (DMEM) and incubated for 72 h with media containing high glucose (25 mM) with or 
without cathepsin K inhibitor-II (Cat K I-II, 1 µM) or calcineurin inhibitor cyclosporine A (CsA, 50 nM), and 
loaded with 10 µM CM-H2DCFDA in the culture medium for 30 min at 37 °C in the dark. DCF fluorescence was 
measured using fluorescent plate reader (Microplate fluorometer, Spectra GEMINI-XS) with excitation wave-
length at 485 nm and emission wavelength at 530 nm.

Western blot analysis. Protein samples were prepared as described previously and separated on 
SDS-polyacrylamide gels, transferred electrophoretically to nitrocellulose membranes and blotted against 
cathepsin K (1:500), anti-phospho-phospholamban (p-PLB, 1:1,000, Ser16/Thr17), anti-SERCA2a (1:1,000), 
anti-calcineurin A (1:1,000), anti-NFATc1 (1:250), anti-phospho-NFATc3 (1:250), anti-glycogen synthase kinase 3 
beta (GSK3β, 1:1,000), anti-phospho-GSK3β (1:1,000), anti-AKT (1:1,000), anti-phospho-AKT (1:1,000, Ser473), 
anti-transforming growth factor-β (TGF-β, 1:1,000), anti-cleaved caspase-3 (1:500), anti-Bcl-2 (1:1000), anti-Bax 
(1:1,000), anti-GAPDH (loading controls, 1:1000) and anti-α-tubulin (loading controls, 1:1000) antibodies. Blots 
were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:3000). Antigens were 
detected by the luminescence method. Band densities were determined using Quantity One software (Bio-Rad, 
version 4.4.0, ChemiDoc XRS)48.

Statistical analysis. Data are presented as mean ± SEM. Statistical significance (p < 0.05) for each variable 
was estimated by a one-way analysis of variance (ANOVA) followed by a Turkey’s post-hoc analysis.

Data availability. The datasets generated during and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

References
 1. DeFronzo, R. A. Pathogenesis of type 2 diabetes: metabolic and molecular implications for identifying diabetes genes. Diabetes 

Reviews 5, 177–269 (1997).
 2. Fonarow, G. C. & Srikanthan, P. Diabetic cardiomyopathy. Endocrinol Metab Clin North Am 35, 575–599, ix, doi:10.1016/j.

ecl.2006.05.003 (2006).
 3. Basu, R. et al. Type 1 diabetic cardiomyopathy in the Akita (Ins2WT/C96Y) mouse model is characterized by lipotoxicity and 

diastolic dysfunction with preserved systolic function. Am J Physiol Heart Circ Physiol 297, H2096–2108, doi:10.1152/
ajpheart.00452.2009 (2009).

 4. Seferovic, P. M. & Paulus, W. J. Clinical diabetic cardiomyopathy: a two-faced disease with restrictive and dilated phenotypes. Eur 
Heart J 36, 1718–1727, 1727a-1727c, doi:10.1093/eurheartj/ehv134 (2015).

 5. Zhong, M. et al. Mechanism of reversion of myocardial interstitial fibrosis in diabetic cardiomyopathy by valsartan. Zhonghua Yi Xue 
Za Zhi 86, 232–236 (2006).

 6. Yang, M. et al. Deficiency and inhibition of cathepsin K reduce body weight gain and increase glucose metabolism in mice. 
Arterioscler Thromb Vasc Biol 28, 2202–2208, doi:10.1161/ATVBAHA.108.172320 (2008).

 7. Turk, V. et al. Cysteine cathepsins: from structure, function and regulation to new frontiers. Biochim Biophys Acta 1824, 68–88, 
doi:10.1016/j.bbapap.2011.10.002 (2012).

 8. Zhao, G. et al. Increased Circulating Cathepsin K in Patients with Chronic Heart Failure. PLoS One 10, e0136093, doi:10.1371/
journal.pone.0136093 (2015).

 9. Hua, Y. et al. Cathepsin K knockout alleviates pressure overload-induced cardiac hypertrophy. Hypertension 61, 1184–1192, 
doi:10.1161/HYPERTENSIONAHA.111.00947 (2013).

 10. Hua, Y. et al. Cathepsin K knockout mitigates high-fat diet-induced cardiac hypertrophy and contractile dysfunction. Diabetes 62, 
498–509, doi:10.2337/db12-0350 (2013).

 11. Funicello, M. et al. Cathepsin K Null Mice Show Reduced Adiposity during the Rapid Accumulation of Fat Stores. Plos One 2, 
doi:ARTN e683 10.1371/journal.pone.0000683 (2007).

 12. Chiellini, C. et al. Identification of cathepsin K as a novel marker of adiposity in white adipose tissue. Journal of Cellular Physiology 
195, 309–321, doi:10.1002/jcp.10253 (2003).

 13. Call, J. A. et al. Enhanced skeletal muscle expression of extracellular superoxide dismutase mitigates streptozotocin-induced diabetic 
cardiomyopathy by reducing oxidative stress and aberrant cell signaling. Circ Heart Fail 8, 188–197, doi:10.1161/
CIRCHEARTFAILURE.114.001540 (2015).

 14. Shao, C. H. et al. Exercise training during diabetes attenuates cardiac ryanodine receptor dysregulation. J Appl Physiol (1985) 106, 
1280–1292, doi:10.1152/japplphysiol.91280.2008 (2009).

 15. Wold, L. E. & Ren, J. Streptozotocin directly impairs cardiac contractile function in isolated ventricular myocytes via a p38 map 
kinase-dependent oxidative stress mechanism. Biochem Biophys Res Commun 318, 1066–1071, doi:10.1016/j.bbrc.2004.04.138 
(2004).

 16. Salem, K. A., Kosanovic, M., Qureshi, A., Ljubisavljevic, M. & Howarth, F. C. The direct effects of streptozotocin and alloxan on 
contractile function in rat heart. Pharmacol Res 59, 235–241, doi:10.1016/j.phrs.2009.01.003 (2009).

 17. Kong, P., Christia, P. & Frangogiannis, N. G. The pathogenesis of cardiac fibrosis. Cell Mol Life Sci 71, 549–574, doi:10.1007/s00018-
013-1349-6 (2014).

 18. Azevedo, A., Prado, A. F., Antonio, R. C., Issa, J. P. & Gerlach, R. F. Matrix metalloproteinases are involved in cardiovascular diseases. 
Basic Clin Pharmacol Toxicol 115, 301–314, doi:10.1111/bcpt.12282 (2014).

 19. Muller, A. L. & Dhalla, N. S. Role of various proteases in cardiac remodeling and progression of heart failure. Heart Fail Rev 17, 
395–409, doi:10.1007/s10741-011-9269-8 (2012).

 20. Rifkin, D. B., Mazzieri, R., Munger, J. S., Noguera, I. & Sung, J. Proteolytic control of growth factor availability. APMIS 107, 80–85 
(1999).

 21. Reiser, J., Adair, B. & Reinheckel, T. Specialized roles for cysteine cathepsins in health and disease. J Clin Invest 120, 3421–3431, 
doi:10.1172/JCI42918 (2010).

http://dx.doi.org/10.1016/j.ecl.2006.05.003
http://dx.doi.org/10.1016/j.ecl.2006.05.003
http://dx.doi.org/10.1152/ajpheart.00452.2009
http://dx.doi.org/10.1152/ajpheart.00452.2009
http://dx.doi.org/10.1093/eurheartj/ehv134
http://dx.doi.org/10.1161/ATVBAHA.108.172320
http://dx.doi.org/10.1016/j.bbapap.2011.10.002
http://dx.doi.org/10.1371/journal.pone.0136093
http://dx.doi.org/10.1371/journal.pone.0136093
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00947
http://dx.doi.org/10.2337/db12-0350
http://dx.doi.org/10.1371/journal.pone.0000683
http://dx.doi.org/10.1002/jcp.10253
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.114.001540
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.114.001540
http://dx.doi.org/10.1152/japplphysiol.91280.2008
http://dx.doi.org/10.1016/j.bbrc.2004.04.138
http://dx.doi.org/10.1016/j.phrs.2009.01.003
http://dx.doi.org/10.1007/s00018-013-1349-6
http://dx.doi.org/10.1007/s00018-013-1349-6
http://dx.doi.org/10.1111/bcpt.12282
http://dx.doi.org/10.1007/s10741-011-9269-8
http://dx.doi.org/10.1172/JCI42918


www.nature.com/scientificreports/

13SCientifiC REPORTS | 7: 8703  | DOI:10.1038/s41598-017-09037-z

 22. Nilsson, J. et al. High glucose activates nuclear factor of activated T cells in native vascular smooth muscle. Arteriosclerosis 
Thrombosis and Vascular Biology 26, 794–800, doi:10.1161/01.Atv.0000209513.00765.13 (2006).

 23. Wu, H. Y. et al. Critical role of calpain-mediated cleavage of calcineurin in excitotoxic neurodegeneration. J Biol Chem 279, 
4929–4940, doi:10.1074/jbc.M309767200 (2004).

 24. Rumi-Masante, J. et al. Structural basis for activation of calcineurin by calmodulin. J Mol Biol 415, 307–317, doi:10.1016/j.
jmb.2011.11.008 (2012).

 25. Rusnak, F. & Mertz, P. Calcineurin: form and function. Physiol Rev 80, 1483–1521 (2000).
 26. Sussman, M. A. et al. Prevention of cardiac hypertrophy in mice by calcineurin inhibition. Science 281, 1690–1693, doi:10.1126/

science.281.5383.1690 (1998).
 27. Fiedler, B. et al. Inhibition of calcineurin-NFAT hypertrophy signaling by cGMP-dependent protein kinase type I in cardiac 

myocytes. Proceedings of the National Academy of Sciences of the United States of America 99, 11363–11368, doi:10.1073/
pnas.162100799 (2002).

 28. Hogan, P. G., Chen, L., Nardone, J. & Rao, A. Transcriptional regulation by calcium, calcineurin, and NFAT. Genes Dev 17, 
2205–2232, doi:10.1101/gad.1102703 (2003).

 29. Crabtree, G. R. Calcium, calcineurin, and the control of transcription. J Biol Chem 276, 2313–2316, doi:10.1074/jbc.R000024200 
(2001).

 30. Bourajjaj, M. et al. NFATc2 is a necessary mediator of calcineurin-dependent cardiac hypertrophy and heart failure. Journal of 
Biological Chemistry 283, 22295–22303, doi:10.1074/jbc.M801296200 (2008).

 31. Wilkins, B. J. et al. Targeted disruption of NFATc3, but not NFATc4, reveals an intrinsic defect in calcineurin-mediated cardiac 
hypertrophic growth. Molecular and Cellular Biology 22, 7603–7613, doi:10.1128/Mcb.22.21.7603-7613.2002 (2002).

 32. Akazawa, H. & Komuro, I. Roles of cardiac transcription factors in cardiac hypertrophy. Circulation Research 92, 1079–1088, 
doi:10.1161/01.Res.0000072977.86706.23 (2003).

 33. Combs, M. D., Braitsch, C. M., Lange, A. W., James, J. F. & Yutzey, K. E. NFATC1 promotes epicardium-derived cell invasion into 
myocardium. Development 138, 1747–1757, doi:10.1242/dev.060996 (2011).

 34. de la Pompa, J. L. et al. Role of the NF-ATc transcription factor in morphogenesis of cardiac valves and septum. Nature 392, 182–186, 
doi:10.1038/32419 (1998).

 35. Lange, A. W. & Yutzey, K. E. NFATc1 expression in the developing heart valves is responsive to the RANKL pathway and is required 
for endocardial expression of cathepsin K. Developmental Biology 292, 407–417, doi:10.1016/j.ydbio.2006.01.017 (2006).

 36. Molkentin, J. D. et al. A calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell 93, 215–228 (1998).
 37. Goonasekera, S. A. et al. Decreased cardiac L-type Ca(2)( + ) channel activity induces hypertrophy and heart failure in mice. J Clin 

Invest 122, 280–290, doi:10.1172/JCI58227 (2012).
 38. Zhang, D. et al. Antifibrotic effects of curcumin are associated with overexpression of cathepsins K and L in bleomycin treated mice 

and human fibroblasts. Respir Res 12, 154, doi:10.1186/1465-9921-12-154 (2011).
 39. Asai, A. et al. High level calcineurin activity predisposes neuronal cells to apoptosis. J Biol Chem 274, 34450–34458 (1999).
 40. Shibasaki, F., Kondo, E., Akagi, T. & McKeon, F. Suppression of signalling through transcription factor NF-AT by interactions 

between calcineurin and Bcl-2. Nature 386, 728–731, doi:10.1038/386728a0 (1997).
 41. Kim, M. J. et al. Calpain-dependent cleavage of cain/cabin1 activates calcineurin to mediate calcium-triggered cell death. Proc Natl 

Acad Sci USA 99, 9870–9875, doi:10.1073/pnas.152336999 (2002).
 42. Yu, S. P., Canzoniero, L. M. & Choi, D. W. Ion homeostasis and apoptosis. Curr Opin Cell Biol 13, 405–411 (2001).
 43. Morisco, C. et al. The Akt-glycogen synthase kinase 3beta pathway regulates transcription of atrial natriuretic factor induced by 

beta-adrenergic receptor stimulation in cardiac myocytes. J Biol Chem 275, 14466–14475 (2000).
 44. Kim, Y. et al. Calcineurin dephosphorylates glycogen synthase kinase-3 beta at serine-9 in neuroblast-derived cells. J Neurochem 

111, 344–354, doi:10.1111/j.1471-4159.2009.06318.x (2009).
 45. Molkentin, J. D. Calcineurin-NFAT signaling regulates the cardiac hypertrophic response in coordination with the MAPKs. 

Cardiovasc Res 63, 467–475, doi:10.1016/j.cardiores.2004.01.021 (2004).
 46. Li, Q., Li, J. & Ren, J. UCF-101 mitigates streptozotocin-induced cardiomyocyte dysfunction: role of AMPK. Am J Physiol Endocrinol 

Metab 297, E965–973, doi:10.1152/ajpendo.00323.2009 (2009).
 47. Zhang, Y. et al. Mitochondrial aldehyde dehydrogenase (ALDH2) protects against streptozotocin-induced diabetic cardiomyopathy: 

role of GSK3beta and mitochondrial function. BMC Med 10, 40, doi:10.1186/1741-7015-10-40 (2012).
 48. Guo, R. & Ren, J. Deficiency in AMPK attenuates ethanol-induced cardiac contractile dysfunction through inhibition of 

autophagosome formation. Cardiovasc Res 94, 480–491, doi:10.1093/cvr/cvs127 (2012).
 49. Manning, W. J., Wei, J. Y., Katz, S. E., Litwin, S. E. & Douglas, P. S. In vivo assessment of LV mass in mice using high-frequency 

cardiac ultrasound: necropsy validation. Am J Physiol 266, H1672–1675 (1994).
 50. Gardin, J. M., Siri, F. M., Kitsis, R. N., Edwards, J. G. & Leinwand, L. A. Echocardiographic assessment of left ventricular mass and 

systolic function in mice. Circ Res 76, 907–914 (1995).
 51. Hashem, M. S. et al. Left ventricular relative wall thickness versus left ventricular mass index in non-cardioembolic stroke patients. 

Medicine (Baltimore) 94, e872, doi:10.1097/MD.0000000000000872 (2015).
 52. Wang, Y., Zheng, Y., Nishina, P. M. & Naggert, J. K. A new mouse model of metabolic syndrome and associated complications. J 

Endocrinol 202, 17–28, doi:10.1677/JOE-09-0079 (2009).
 53. Guo, R., Ma, H., Gao, F., Zhong, L. & Ren, J. Metallothionein alleviates oxidative stress-induced endoplasmic reticulum stress and 

myocardial dysfunction. J Mol Cell Cardiol 47, 228–237, doi:10.1016/j.yjmcc.2009.03.018 (2009).
 54. Guo, R., Zhang, Y., Turdi, S. & Ren, J. Adiponectin knockout accentuates high fat diet-induced obesity and cardiac dysfunction: role 

of autophagy. Biochim Biophys Acta 1832, 1136–1148, doi:10.1016/j.bbadis.2013.03.013 (2013).
 55. Wang, D. et al. Cardiomyocyte cyclooxygenase-2 influences cardiac rhythm and function. Proc Natl Acad Sci USA 106, 7548–7552, 

doi:10.1073/pnas.0805806106 (2009).
 56. Hu, N., Guo, R., Han, X., Zhu, B. & Ren, J. Cardiac-specific overexpression of metallothionein rescues nicotine-induced cardiac 

contractile dysfunction and interstitial fibrosis. Toxicol Lett 202, 8–14, doi:10.1016/j.toxlet.2011.01.007 (2011).
 57. Dong, F. et al. Endothelin-1 enhances oxidative stress, cell proliferation and reduces apoptosis in human umbilical vein endothelial 

cells: role of ETB receptor, NADPH oxidase and caveolin-1. Br J Pharmacol 145, 323–333, doi:10.1038/sj.bjp.0706193 (2005).

Acknowledgements
This publication was made possible by an Institutional Development Award (IDeA) from the National Institute of 
General Medical Sciences of the National Institutes of Health under Grant #2P20GM103432.

Author Contributions
R.G., O.R. and Y.H., data collection; R.G., T.B., J.R. and S.N.: study design, funding and manuscript writing.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09037-z

http://dx.doi.org/10.1161/01.Atv.0000209513.00765.13
http://dx.doi.org/10.1074/jbc.M309767200
http://dx.doi.org/10.1016/j.jmb.2011.11.008
http://dx.doi.org/10.1016/j.jmb.2011.11.008
http://dx.doi.org/10.1126/science.281.5383.1690
http://dx.doi.org/10.1126/science.281.5383.1690
http://dx.doi.org/10.1073/pnas.162100799
http://dx.doi.org/10.1073/pnas.162100799
http://dx.doi.org/10.1101/gad.1102703
http://dx.doi.org/10.1074/jbc.R000024200
http://dx.doi.org/10.1074/jbc.M801296200
http://dx.doi.org/10.1128/Mcb.22.21.7603-7613.2002
http://dx.doi.org/10.1161/01.Res.0000072977.86706.23
http://dx.doi.org/10.1242/dev.060996
http://dx.doi.org/10.1038/32419
http://dx.doi.org/10.1016/j.ydbio.2006.01.017
http://dx.doi.org/10.1172/JCI58227
http://dx.doi.org/10.1186/1465-9921-12-154
http://dx.doi.org/10.1038/386728a0
http://dx.doi.org/10.1073/pnas.152336999
http://dx.doi.org/10.1111/j.1471-4159.2009.06318.x
http://dx.doi.org/10.1016/j.cardiores.2004.01.021
http://dx.doi.org/10.1152/ajpendo.00323.2009
http://dx.doi.org/10.1186/1741-7015-10-40
http://dx.doi.org/10.1093/cvr/cvs127
http://dx.doi.org/10.1097/MD.0000000000000872
http://dx.doi.org/10.1677/JOE-09-0079
http://dx.doi.org/10.1016/j.yjmcc.2009.03.018
http://dx.doi.org/10.1016/j.bbadis.2013.03.013
http://dx.doi.org/10.1073/pnas.0805806106
http://dx.doi.org/10.1016/j.toxlet.2011.01.007
http://dx.doi.org/10.1038/sj.bjp.0706193
http://dx.doi.org/10.1038/s41598-017-09037-z


www.nature.com/scientificreports/

1 4SCientifiC REPORTS | 7: 8703  | DOI:10.1038/s41598-017-09037-z

Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Cathepsin K knockout protects against cardiac dysfunction in diabetic mice
	Results
	Biometric parameters and oxidative stress. 
	Metabolic properties. 
	Echocardiographic properties. 
	Cardiomyocyte contractile function and intracellular Ca2+ properties. 
	Evaluation of cardiomyocyte hypertrophy and fibrosis. 
	Calcineurin/NFAT signalling. 
	Metabolic signaling, apoptosis and fibrosis. 
	Effects of pharmacological inhibitors on glucose-induced apoptosis and oxidative stress in H9c2 cells. 

	Discussion
	Methods
	Animals. 
	Echocardiographic analysis. 
	Metabolic measurement. 
	Isolation of murine cardiomyocytes. 
	Cell shortening/relengthening. 
	Intracellular Ca2+ transient. 
	Myocardial histology. 
	Determination of reduced and oxidized glutathione (GSH and GSSG). 
	Collagen ELISA assay. 
	Detection of Reactive Oxygen Species (ROS). 
	Western blot analysis. 
	Statistical analysis. 
	Data availability. 

	Acknowledgements
	Figure 1 Metabolic properties of wildtype (WT) and cathepsin K knockout (Ctsk−/−) mice challenged with vehicle or streptozotocin (STZ) during light and dark cycles.
	Figure 2 Echocardiographic properties in WT and Ctsk−/− mice treated with or without streptozotocin.
	Figure 3 Cardiomyocyte contractile properties in WT and Ctsk−/− mice treated with or without streptozotocin.
	Figure 4 Cardiomyocyte intracellular Ca2+ handling properties in WT and Ctsk−/− mice treated with or without streptozotocin.
	Figure 5 Western blot analysis exhibiting levels of Ca2+ regulatory proteins as well as calcineurin A-NFAT signaling in myocardium from WT and Ctsk−/− mice treated with or without streptozotocin.
	Figure 6 Phosphorylation of AKT, Phosphorylation of GSK3β, total AKT, total GSK3β and TGF-β in myocardium from WT and Ctsk−/− mice treated with or without streptozotocin.
	Figure 7 Apoptosis markers Bax, Bcl-2 and cleaved caspase-3 expression in myocardium from WT and Ctsk−/− mice treated with or without streptozotocin.
	Figure 8 Western blot analysis of Bax, Bcl-2, cleaved caspase-3, phosphorylation of AKT, AKT and GAPDH (loading control) in H9c2 cells treated with 25 mM high glucose in the present or absent of cathepsin K inhibitor CatK I-II or calcineurin inhibitor CsA
	Figure 9 Reactive oxygen species (ROS) levels in H9c2 cells treated with 25 mM high glucose in the present or absent of cathepsin K inhibitor CatK I-II or calcineurin inhibitor CsA.
	Table 1 General features of C57 and Ctsk−/− mice following 4-weeks of STZ-treatment.




