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Abstract

Diabetic cardiomyopathy is a significant contributor to the morbidity and mortality associated 

with diabetes and metabolic syndrome. However, the underlying molecular mechanisms that lead 

to its development have not been fully elucidated. Hydrogen sulfide (H2S) is an endogenously 

produced signaling molecule that is critical for the regulation of cardiovascular homeostasis. 

Recently, therapeutic strategies aimed at increasing its levels have proven cardioprotective in 

models of acute myocardial ischemia-reperfusion injury and heart failure. The precise role of H2S 

in the pathogenesis of diabetic cardiomyopathy has not yet been established. Therefore, the goal of 

the present study was to evaluate circulating and cardiac H2S levels in a murine model of high fat 

diet (HFD)-induced cardiomyopathy. Diabetic cardiomyopathy was produced by feeding mice 

HFD (60% fat) chow for 24 weeks. HFD feeding reduced both circulating and cardiac H2S and 

induced hallmark features of type-2 diabetes. We also observed marked cardiac dysfunction, 

evidence of cardiac enlargement, cardiac hypertrophy, and fibrosis. H2S therapy (SG-1002, an 

orally active H2S donor) restored sulfide levels, improved some of the metabolic perturbations 

stemming from HFD feeding, and attenuated HFD-induced cardiac dysfunction. Additional 

analysis revealed that H2S therapy restored adiponectin levels and suppressed cardiac ER stress 

stemming from HFD feeding. These results suggest that diminished circulating and cardiac H2S 

levels play a role in the pathophysiology of HFD-induced cardiomyopathy. Additionally, these 

results suggest that H2S therapy may be of clinical importance in the treatment of cardiovascular 

complications stemming from diabetes.

Keywords

diabetes; diabetic cardiomyopathy; hydrogen sulfide; ER stress

© 2014 Elsevier Inc. All rights reserved.

Correspondence: John W. Calvert, Ph.D. Department of Surgery, Division of Cardiothoracic Surgery, Carlyle Fraser Heart Center, 
Emory University School of Medicine, 380 Northyards Boulevard, Suite B, Atlanta, GA 30313, Phone: 404-251-0663 
jcalver@emory.edu. 

Disclosures: SG-1002 was provided by Sulfagenix, Inc.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Nitric Oxide. Author manuscript; available in PMC 2016 April 30.

Published in final edited form as:
Nitric Oxide. 2015 April 30; 46: 145–156. doi:10.1016/j.niox.2014.12.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.1 Introduction

Cardiovascular disease refers to any disease that affects the cardiovascular system, including 

cardiac disease, vascular diseases of the brain and kidney, and peripheral artery disease. 

Worldwide, it is on the rise and continues to be the leading cause of morbidity and mortality 

in both men and women [1]. A major contributor to the rise in cardiovascular disease is the 

increased prevalence of diabetes mellitus [2]. According to the World Health Organization, 

diabetes affects 347 million people worldwide (http://www.who.int/mediacentre/factsheets/

fs312/en/). Diabetes is responsible for diverse cardiovascular complications, such as 

hypertension, atherosclerosis, and heart failure [3]. Additionally, diabetes and insulin 

resistance are powerful predictors of cardiovascular morbidity and mortality, as well as 

independent risk factors for death in patients with established heart failure [4; 5]. Diabetes 

can also affect cardiac structure and function in the absence of changes in blood pressure 

and coronary artery disease [3], a condition termed “diabetic cardiomyopathy” [6]. The 

pathophysiology of diabetic cardiomyopathy is multifactorial with evidence that autonomic 

dysfunction, metabolic derangements, and the development of interstitial fibrosis all 

contribute to myocardial stiffness and impaired contractility [3; 7; 8]. However, the 

molecular mechanisms that underlie the development of diabetic cardiomyopathy require 

further investigation.

The endoplasmic reticulum (ER) is the central organelle for secretory/transmembrane 

protein folding, calcium storage, and lipid synthesis [2]. Pathological stimuli such as 

oxidative stress, the accumulation of lipids, and the accumulation of misfolded proteins, 

interfere with the function of the ER [9]. As a result, ER stress develops and the unfolded 

protein response (UPR) is triggered [10]. In an effort to ameliorate ER stress, the UPR 

activates three pathways to antagonize the cellular stress. As an initial step, the chaperone 

protein BiP (GRP78) senses unfolded or damaged proteins. It then subsequently activates 

PKR-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating 

transcription factor 6 (ATF6). Engagement of the ER stress/UPR response acutely reduces 

protein synthesis in the ER, enhances protein degradation of damaged or misfolded proteins, 

and selectively induces expression of protective proteins [11; 12]. While the acute activation 

of the ER stress/UPR is protective, prolonged activation triggers an apoptotic-signaling 

cascade resulting in cell death [9]. Mounting evidence suggests that ER stress/UPR plays a 

critical role in the heart during the development of diabetic cardiomyopathy [2; 9]. For 

instance, markers of ER stress are elevated in the hearts of diabetic animals [13; 14; 15] and 

therapeutic strategies that manipulate components of the ER stress response improve cardiac 

function in the setting of diabetes [16; 17]. This suggests that targeting ER stress may be a 

viable treatment option to prevent or attenuate the development of diabetic cardiomyopathy.

Hydrogen sulfide (H2S) is an endogenously produced gaseous signaling molecule that is 

critical for the regulation of cardiovascular homeostasis [18; 19]. Recently, therapeutic 

strategies aimed at increasing the levels of H2S have been shown to be cardioprotective in 

models of acute myocardial ischemia-reperfusion (MI/R) injury and heart failure [20; 21; 

22; 23]. These cytoprotective effects are attributed to the ability of H2S to upregulate 

antioxidant defenses and to reduce apoptosis, inflammation, and mitochondrial injury [24]. 

Barr et al. Page 2

Nitric Oxide. Author manuscript; available in PMC 2016 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.who.int/mediacentre/factsheets/fs312/en/
http://www.who.int/mediacentre/factsheets/fs312/en/


In brief, cardiomyopathic oxidative stress states cause an increase in reactive oxygen species 

(ROS) production, leading to mitochondrial damage, lipid peroxidation, and DNA strand 

breaks. These and related maladaptations are mitigated by antioxidants, which scavenge and 

neutralize the ROS [25]. H2S has been found to upregulate antioxidant properties, 

attenuating the adverse effects of oxidative stress [26]. Increasing evidence suggests an 

association between oxidative stress and the progression of diabetic complications in various 

tissues, including the heart [27; 28; 29]. Thus, the reported antioxidant effects of H2S may 

be of critical importance in the diabetic myocardium. However, circulating levels of H2S are 

decreased in animal models of diabetes [30; 31; 32; 33] and in T2DM patients [30; 34]. 

Previous work from our lab found that lower levels of H2S are not confined to the 

circulation in the setting of diabetes, as evidenced by the findings that cardiac levels of H2S 

were also decreased in db/db diabetic mice [35]. Furthermore, we found that treatment with 

exogenous H2S for 7 days increased cardiac H2S levels and reduced myocardial injury 

following I/R. This latter finding supports the idea that decreased H2S levels in the setting of 

diabetes contribute to the pathophysiology of the disease [36], especially in relation to 

cardiovascular complications.

To our knowledge, the precise role of H2S in the pathogenesis of diabetic cardiomyopathy 

has not yet been established. Therefore, the goal of the present study was to evaluate 

circulating and cardiac H2S levels in a murine model of high fat diet (HFD)-induced 

cardiomyopathy. In addition, we investigated if H2S therapy ameliorated the development of 

diabetic cardiomyopathy by decreasing ER stress.

2.1 Materials and Methods

2.1.1 Animals

Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME) at 6 

weeks of age. Starting at 8 weeks of age, different groups of mice were maintained on one of 

the following diets for 24 weeks: (1) Control Diet (10% fat diet, Open Source Diets 

D12450Bi), (2) High Fat Diet (HFD, 60% fat; Open Source Diets D12492i), or (3) HFD 

supplemented with SG-1002, an orally active H2S donor. SG-1002 (provided by Sulfagenix, 

Cleveland, OH) was added to the HFD mice to achieve a dosage of 20 mg/kg/day [37]. All 

diets were purchased from Research Diets, Inc. (New Brunswick, NJ). All experimental 

protocols were approved by the Institute for Animal Care and Use Committee at Emory 

University School of Medicine and conformed to the Guide for the Care and Use of 

Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 

86-23, revised 1996), and with federal and state regulations.

2.1.2 Blood and Tissue Biochemistry

Blood obtained via a tail snip following 24 weeks of HFD feeding was screened using an 

Xtra glucose-monitoring system (Precision). Serum insulin (Millipore), adiponectin 

(Millipore) and cholesterol (Sigma) levels were determined using standard assay kits 

according to the manufacturers' recommendations. Cardiac lipid content was determined 

using a standard assay kit (Sigma) according to the manufacturer's recommendations.

Barr et al. Page 3

Nitric Oxide. Author manuscript; available in PMC 2016 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1.3 Glucose Tolerance Test

Intraperitoneal glucose tolerance test was performed as follows. A glucose solution (2.0g/kg 

body weight in a 10% solution) was intraperitoneally administered into mice that were 

fasted for 8 hours. Both before and after injection (at 0,15,30,45,60,90,120 minutes), blood 

samples were obtained by tail vein clipping to determine blood glucose using an Xtra 

glucose-monitoring system (Precision).

2.1.4 Hydrogen Sulfide Measurements

Hydrogen sulfide and sulfane sulfur levels were measured in the heart and blood according 

to previously described methods [38]. For heart tissue, the amount of H2S is reported as 

nmol/mg wet weight. For the blood, the amount of H2S is reported as μM.

2.1.5 Histology

For histological analysis, hearts were collected, fixed in 10% buffered formalin, and 

embedded in paraffin. Serial 5-μm heart sections from each group were stained with 

Picrosirius Red (to detect fibrosis). Digital images of the slides were then captured and 

analyzed using ImageJ. For each heart, we analyzed multiple sections taken from the mid-

ventricle and then averaged these numbers to obtain a single % fibrosis/LV measurement for 

each animal.

2.1.6 Wheat Germ Agglutinin Staining

Cell surface area (μm2) and cross-sectional area (μm2) were analyzed by staining cardiac 

cryosections with wheat germ agglutinin (WGA)-Texas Red-X conjugate (Life 

Technologies) as described previously to show myocyte membranes in histological sections 

[38]. Paraffin fixed slides were deparaffinized, washed in 1XPBS and then incubated in 

10μg WGA-Texas Red-X conjugate for 1 hour at room temperature followed by additional 

washes in 1XPBS. Slides were mounted with Vectashield mounting medium (Vector Labs) 

and sealed. Digital images were captured and cell surface area was assessed with NIS 

Elements Imaging Software (version 3.22.11) in 5 animals per group with at least 5 

randomly taken sections per heart and at least 100 myocytes counted per animal.

2.1.7 Western Blot Analysis

Western blot analysis was performed as described previously [38]. Protein concentrations 

were measured with the DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA). 

Equal amounts of protein were loaded into lanes of polyacrylamide-SDS gels. The gels were 

electrophoresed, followed by transfer of the protein to a PVDF membrane. The membranes 

were then blocked and probed with primary antibodies overnight at 4°C. Immunoblots were 

next processed with secondary antibodies (Cell Signaling) for 1 hour at room temperature. 

Immunoblots were then probed with a Super Signal West Dura kit (Thermo) to visualize 

signal, followed by exposure to X-ray film (Denville Scientific). Immunoblots were 

subsequently stained with Coomassie blue to detect total protein load. The film was scanned 

to make a digital copy and densitometric analysis was performed to calculate relative 

intensity with ImageJ software from the National Institutes of Health (version 1.40g) using 

the Rodbard function. Results were presented as the ratio of the expression of the protein of 

Barr et al. Page 4

Nitric Oxide. Author manuscript; available in PMC 2016 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interest to the total protein load. We used total protein load as our control because an initial 

analysis revealed that the expression of GAPDH changed significantly in response to HFD 

feeding (Supplemental Fig. 1).

2.1.8 Echocardiograph Analysis

Baseline echocardiography images were obtained prior to administration of diets. The mice 

were lightly anesthetized with isoflourane (1-5% in 100% oxygen) and in vivo transthoracic 

echocardiography of the left ventricle (LV) using a 38-MHz linear array scanhead interfaced 

with a Vevo 2100 (Visualsonics) was used to obtain high-resolution M-mode images. From 

these images LV end-diastolic diameter (LVEDD), LV end-systolic diameter (LVESD), 

fractional shortening (FS), and ejection fraction (EF) were calculated. Echocardiography 

images were obtained and analyzed again every 4 weeks for 24 weeks.

2.1.9 Hemodynamic Analysis

Following the last echocardiography session, mice were anesthetized with isoflourane (1-5% 

in 100% oxygen). LV hemodynamics were assessed by passing a 1.2F pressure catheter 

(Scisense) into the LV lumen via the right common carotid artery. The catheter was 

connected to a computer and data was collected with LabScribe2 software (Version 2.334, 

iWorx Systems, Inc). Circumferential stress was calculated as previously described [38].

2.1.10 Statistical Analysis

All the data are expressed as mean ± standard error (SEM). Means were compared using 

Prism 4 (GraphPad Software, Inc) with oneway analysis of variance (ANOVA), or two-way 

ANOVA where indicated. For the ANOVA, if a significant result was found, the Tukey 

(one-way ANOVA) or Bonferroni (two-way ANOVA) test was used as the post hoc 

analysis. For all data, a p value less than 0.05 was considered significant.

3.1 Results

3.1.1 Oral H2S therapy ameliorates HFD-induced cardiac dysfunction

Our initial experiments examined the effects of HFD feeding on the myocardial expression 

of the three known H2S-producing enzymes, as well as the levels of circulating and 

myocardial sulfide levels. As expected, HFD feeding for 24 weeks induced increases in 

body weight, serum glucose levels, glucose intolerance, serum insulin levels, and serum 

cholesterol levels, recapitulating hallmark features of type-2 diabetes (Table and 

Supplemental Fig. 2). Immunoblot analysis of whole cell extracts from control and HFD-fed 

mouse hearts revealed that the expression of cystathionine-γ-lyase (CSE), cystathionine-β-

synthase (CBS), and 3-mercaptopyruvate sulfutransferase (3-MST) were unaltered under 

HFD conditions (Fig. 1A-B). However, free H2S and sulfane sulfur levels were significantly 

lower in the blood and hearts of HFD-fed mice when compared to control mice (Fig. 1C-F), 

indicating that HFD feeding decreases circulating and cardiac sulfide levels.

Next, we examined the effects of oral H2S therapy on the development of HFD-induced 

cardiomyopathy. For these experiments, we supplemented SG-1002 (20 mg/kg/day) in the 

HFD chow. One group of mice received the SG-1002 supplemented HFD chow for the 
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entire 24 weeks (HFD-S). We delayed the treatment in another group of mice (HFD-D). 

These mice received the HFD chow for 12 weeks before being switched to the SG-1002 

supplemented HFD chow for the final 12 weeks of the study. Our initial studies found that 

SG-1002 supplementation restored circulating sulfide levels and partially restored cardiac 

sulfide levels under HFD conditions without providing any alterations in the expression of 

the H2S-producing enzymes (Fig. 1).

In association with the metabolic perturbations stemming from HFD, we also observed 

marked cardiac dysfunction beginning at 4 weeks of HFD feeding, as exemplified by 

increased LVESD, decreased LV ejection fraction, and decreased LV fractional shortening 

(Fig. 2A-C). Additionally, analysis of LV hemodynamics at 24 weeks of HFD feeding 

revealed decreased LV dP/dt max, decreased LV dP/dt min, increased relaxation constant 

Tau, and increased circumferential stress (Fig. 2D-F). Both groups of H2S treated mice 

displayed improvements in blood glucose levels, glucose tolerance and serum insulin levels 

when compared to mice in the HFD group (Table). However, H2S treatment did not alter the 

HFD-induced increase in body weight or serum cholesterol levels. The mice in the HFD-S 

group developed less severe changes in cardiac dilatation and dysfunction when compared 

to the HFD group. The mice in the HFD-D group were indistinguishable from the HFD mice 

up until 12 weeks. However, by 16 weeks (4 weeks on the SG-1002 supplemented HFD 

chow) these mice displayed improvements in cardiac dilatation and dysfunction that were 

maintained until the conclusion of the 24 weeks. Importantly, the HFD-D mice were 

indistinguishable from the HFD-S mice after the addition of SG-1002 in the diet.

3.1.2 Oral H2S therapy ameliorates HFD-induced cardiac hypertrophy and fibrosis

Hypertrophy and fibrosis are pathological responses of cardiomyocytes to the stress of the 

HFD condition [39; 40]. Therefore, we examined the effects of HFD and H2S therapy on 

cardiac remodeling in terms of morphological changes at 24 weeks of HFD feeding. 

Consistent with the echocardiography and hemodynamic findings, our morphological and 

histological analysis revealed that HFD induced increases in heart weight to tibia length 

ratios (cardiac enlargement), increases in the cell surface area and cross sectional areas of 

cardiomyocytes (cardiac hypertrophy) and increases in Picrosirius Red staining (fibrosis) 

(Fig. 3). Although evidence of cardiac enlargement, cardiac hypertrophy, and fibrosis were 

present in the HFD-S and HFD-D groups, these morphological and histological changes 

were significantly less than the changes observed in the HFD group.

3.1.3 Oral H2S therapy induces Adiponectin-AMPK signaling in the setting of HFD feeding

Adiponectin (APN), an adipokine secreted from adipose tissue, plays an important role in 

maintaining cardiovascular health [41; 42; 43]. Specifically, there is a correlation between 

reduced APN levels and increase cardiovascular risk [43]. Emerging evidence indicates that 

APN deficiency and resistance occurs in the early stages of metabolic syndrome and 

contributes to the development of insulin resistance and lipid accumulation [42; 44]. We, 

therefore, examined the effects of HFD and H2S therapy on circulating APN levels. Our 

analysis revealed lower circulating levels of APN in response to HFD feeding (Fig 4A). 

Although the levels of APN were lower in the HFD-S and HFD-D groups when compared to 

the Control group, the levels were significantly higher than those observed in the HFD 

Barr et al. Page 6

Nitric Oxide. Author manuscript; available in PMC 2016 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



group. APN delivers much of its metabolic-regulatory effects via the induction of AMP-

activated protein kinase (AMPK) [45]. Our analysis revealed that the expression of 

phosphorylated AMPK was significantly decreased in the hearts of HFD-fed mice compared 

to control mice (Fig. 4B-C). In contrast, this HFD-induced decrease was attenuated in the 

hearts of mice in the HFD-S and HFD-D groups. No differences in the expression of total 

AMPK were noted in the hearts of any of the groups. We next turned our attention to 

downstream targets of AMPK. The activation of AMPK coordinates the regulation of 

several steps in substrate transport and metabolism, which are critical for energy generation 

and conservation under times of stress [46]. For instance, AMPK stimulates glucose 

transport by increasing the expression of glucose transporter 4 (GLUT4). Immunoblot 

analysis revealed a significant decrease in the expression of GLUT4 under HFD conditions 

(Fig. 4B and D). However, this HFD-induced decrease was attenuated in the hearts of mice 

in the HFD-S and HFD-D groups. AMPK also modulates cardiac fatty acid oxidation and 

subsequently lipid accumulation through the phosphorylation and inhibition of acetyl-

coenzyme A carboxylase (ACC) [47]. As with AMPK, the phosphorylation of ACC was 

decreased under HFD conditions (Fig. 4B and E). In contrast, oral H2S therapy increased the 

phosphorylation of ACC when compared to the HFD group. Finally, to examine the effects 

of H2S therapy on HFD-induced lipid accumulation, we evaluated triglyceride levels in 

hearts collected from Control, HFD, HFD-S, and HFD-D mice. Consistent with our findings 

related to ACC, direct measurement of triglyceride content revealed that oral H2S therapy 

decreased HFD-induced lipid accumulation (Fig. 4F).

3.1.4 Oral H2S therapy attenuates HFD-induced ER stress in the heart

Lipotoxicity is thought to contribute to the development of diabetic cardiomyopathy in part 

via the induction of ER stress [9]. We next examined changes in ER stress markers in heart 

tissue collected from the experimental groups. First, we focused on the PERK arm of the ER 

stress/UPR. The activation of PERK leads to an early and transient attenuation of protein 

biosynthesis [9]. This in turn leads to an increase in the expression of ATF4, which in turn 

induces the expression of numerous genes involved in the resolution of ER stress [9]. 

Immunoblot analysis of heart homogenates collected from Control, HFD, HFD-S, and HFD-

D mice revealed that the expression of ATF4 remained unchanged (Fig. 5). Next, we 

focused on the ATF6 arm of the ER stress/UPR. ATF6 is a transmembrane basic leucine 

zipper transcription factor that normally exists in the ER as a dimer linked by intermolecular 

disulfide bonds in the luminal domain [9; 48]. In response to ER stress, ATF6 translocates to 

the Golgi where it undergoes cleavage by site-1 and site-2 proteases [9]. This yields cleaved 

forms of ATF6, which translocate to the nucleus and induce target ER genes. Immunoblot 

analysis of heart homogenates revealed significant increases in the expression of the cleaved 

form of ATF6 appearing at 60 kDa under HFD conditions (Fig. 5). However, the HFD-

induced cleavage of ATF6 was dampened in the hearts of mice in the HFD-S and HFD-D 

groups.

Next, experiments evaluated the effects of HFD and H2S therapy on the IRE arm of the ER 

stress/UPR. IRE1 is a type 1 ER transmembrane protein that functions as a kinase and as an 

endoribonuclease [12]. In response to ER stress, the endoribonuclease activity of IRE1 is 

induced. In mammalian cells, the substrate for the IRE1 endoribonuclease is the mRNA for 
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X-box–binding protein-1 (XBP1) [12]. Immunoblot analysis revealed a significant increase 

in the expression of IRE1 (Fig. 5), as well as an increase in the spliced form of XBP1 (Fig. 

6) under HFD conditions. Again, as observed for the cleavage of ATF6, the HFD-induced 

changes in the expression of IRE1 and spliced XBP1 were attenuated in the hearts of mice in 

the HFD-S and HFD-D groups. In addition to its ability to target XBP1, IRE1 can also 

induce a c-Jun N-terminal kinase (JNK) signaling pathway [9]. This is important in the 

context of diabetic cardiomyopathy because JNK can influence cardiac remodeling in 

response to stress via the activation of proapoptotic or pro-hypertrophic signaling cascades 

[49]. Our analysis revealed that the expression of total JNK was significantly elevated in the 

hearts of HFD-fed mice compared to control mice (Fig. 6). In contrast, the expression of 

total JNK (t-JNK) was decreased in the hearts of HFD-S and HFD-D mice when compared 

to both control and HFD-fed mice. We also found that there was no difference in the 

phosphorylation of JNK (p-JNK) in HFD, HFD-S, or HFD-D mice when the expression was 

compared to the expression of total JNK. However, there was a significant increase in the 

expression of p-JNK when the expression was compared to the total protein load, suggesting 

that there was more p-JNK under HFD conditions. Importantly, the HFD-induced increase 

in p-JNK was attenuated in the hearts of mice in the HFD-S and HFD-D groups.

As noted above, while the acute activation of the ER stress/UPR is protective, prolonged 

activation triggers cell death [9]. We therefore evaluated the expression of ER chaperone 

proteins and the expression of pro-cell death proteins induced by ER stress (Fig. 7). The ER 

chaperone proteins, glucose-regulated protein 78 (BiP or GRP78) and 94 (GRP94) act to 

promote protein folding by reducing general protein synthesis and enhancing the 

degradation of misfolded proteins [50]. Immunoblot analysis revealed a significant increase 

in the expression of GRP94 under HFD conditions. However, this HFD-induced increase 

was attenuated in the hearts of mice in the HFD-S and HFD-D groups. In contrast, the 

expression of GRP78 was not altered in any of the experimental groups. Further analysis 

revealed that the HFD-induced cleavage of capase-12 (active) was attenuated in the hearts of 

mice in the HFD-S and HFD-D groups. Together, these results suggest that oral H2S therapy 

mitigates HFD-induced ER stress.

4.1 Discussion

Diabetic cardiomyopathy is a significant contributor to the morbidity and mortality 

associated with diabetes and metabolic syndrome [4]. However, the underlying molecular 

mechanisms leading to the development of diabetic cardiomyopathy have not been fully 

elucidated. The results of the current study suggest that diminished circulating and cardiac 

H2S levels play a role in the pathophysiology of HFD-induced cardiomyopathy. Our 

findings support the following conclusions: (1) HFD feeding decreases circulating and 

cardiac H2S levels; (2) restoring H2S levels via the oral administration of SG-1002 improves 

some of the metabolic perturbations stemming from HFD feeding; (3) Oral H2S therapy 

attenuates and reverses HFD-induced cardiac dysfunction; (4) Oral H2S therapy attenuates 

HFD-induced cardiac hypertrophy and fibrosis; (5) Oral H2S therapy induces APN-AMPK 

signaling in the setting of HFD feeding; and (6) Oral H2S therapy suppresses cardiac ER 

stress stemming from HFD feeding.
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Experimental and clinical evidence is now emerging to indicate that alterations in H2S 

bioavailability play a prominent role in not only the pathophysiology of diabetes but also in 

the pathophysiology of heart failure. More specifically, levels of H2S are negatively related 

to diabetes and the severity of heart failure. In the case of diabetes, circulating and cardiac 

H2S levels are diminished in animal models of diabetes (type-1, type-2, and non-obese 

models). Clinically, the negative association between diabetes and H2S also exists, as 

evidenced by the findings that lower circulating H2S levels are detected in plasma samples 

taken from patients with type-2 diabetes [30; 34]. In the case of heart failure, circulating and 

cardiac H2S levels are reduced in experimental models of ischemic-induced and pressure-

induced heart failure [37; 38]. Additionally, recent clinical evidence suggests that total 

plasma sulfide is negatively related to severity of congestive heart failure and low plasma 

sulfide predicts a higher mortality [51]. The findings of the current study now suggest that 

H2S levels are diminished in the setting of HFD-induced diabetic cardiomyopathy. 

Specifically, we provide evidence that both circulating and cardiac levels of free H2S and 

sulfane sulfur are significantly reduced following 24 weeks of HFD feeding. More 

importantly, we report that chronic oral administration of SG-1002 augments H2S levels and 

provides protection against HFD-induced cardiac dysfunction, hypertrophy, and fibrosis. 

These findings strongly suggest that a deficiency of H2S contributes to the pathophysiology 

and progression of HFD-induced diabetic cardiomyopathy. It is important to note that we 

used two strategies to investigate the therapeutic potential of H2S therapy in this model. In 

one group of mice, we provided H2S therapy at the beginning of the HFD feeding. This 

treatment strategy demonstrated that H2S therapy prevents the development of HFD-induced 

diabetic cardiomyopathy. In the second group, we provided H2S therapy after the mice 

displayed signs of cardiac dysfunction (12 weeks of HFD feeding). This treatment strategy 

demonstrated that H2S therapy is able to reverse the development of HFD-induced diabetic 

cardiomyopathy. Together, we feel that these results suggest that H2S treatment could 

potentially be used to treat patients with diabetic cardiomyopathy to achieve a long-term 

improvement in cardiac function and to decrease the morbidity and mortality resulting from 

heart failure.

Diabetes is a complex disease of metabolic dysregulation characterized by abnormal glucose 

metabolism [52]. For instance, endogenous glucose production is accelerated in patients 

with diabetes. The resulting hyperglycemia triggers glucotoxicity, which in turn contributes 

to cardiac injury via a multitude of mechanisms such as glucose auto-oxidation, the 

formation of advanced glycation end products, NADPH oxidases, increased hexosamine 

pathway flux, xanthine oxidase, and the mitochondrial respiratory chain [53]. The 

hyperglycemia associated with diabetes stems from absolute or relative insulin deficiency. 

In the majority of instances, it is associated with insulin resistance. Insulin regulates 

intermediary metabolism through its ability to orchestrate substrate utilization (glucose and 

lipids) for storage or oxidation in all cells. As such, insulin is important for protein, 

carbohydrate, and lipid metabolism throughout the body. Therefore, impairments in insulin 

signaling have devastating effects in numerous tissues, including the cardiovascular system. 

For instance, elevated circulating lipids and hyperinsulinemia together increase lipid 

delivery to cardiac cells, rapidly promoting lipid utilization. However, if the delivery of the 

lipids to the tissue exceeds the oxidative capacity of the cell, the lipids accumulate and 
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lipotoxicity ensues. This can then increase oxygen demand, provoke mitochondrial 

uncoupling and ROS generation, decrease ATP synthesis, induce mitochondrial dysfunction 

and trigger cell death. Together all of these events play an important role in the pathogenesis 

of diabetes-associated heart disease. The findings of the current study indicate that H2S 

therapy improved many of the metabolic derangements associated with HFD-induced type-2 

diabetes. Specifically, we found that H2S therapy decreased blood glucose levels, improved 

glucose tolerance, decreased serum insulin levels, and decreased cardiac lipotoxicity. While 

the mechanisms responsible for the improvements in the diabetic status of the H2S treated 

animals are not fully known, our findings suggest that APN-AMPK signaling may play a 

role. As noted above, APN is an adipokine that induces cardioprotective effects and 

regulates metabolism via the activation of AMPK [41; 42; 45]. A recent study provided 

novel evidence that in the setting of obesity and insulin resistance, AMPK reduced lipid 

accumulation through its ability to inhibit ACC, which in turn restored insulin sensitivity 

and lowered blood glucose levels [47]. Given that H2S therapy partially restored circulating 

APN levels and increased AMPK signaling, one could argue that it is possible that it 

improves the metabolic derangements induced by HFD feeding via APN-AMPK signaling. 

Future studies are definitely warranted to investigate these mechanisms because these 

findings suggest that chronic H2S therapy has the potential to improve the diabetic state.

As noted, recent studies provide evidence that ER stress/UPR contributes to the 

development of diabetic cardiomyopathy. Specifically, the cardiac expression of GRP78, 

GRP94, CHOP, and caspase-12 were found to be elevated as early as 2 weeks following the 

onset of STZ-induced diabetes [50]. Similarly, markers of ER stress have been reported to 

be present in the hearts of OLETF rats [13] and ob/ob mice [54]. There are several 

pathological factors present in the diabetic heart that are thought to induce ER stress. These 

include hyperglycemia and hyperlipidemia [9]. Both can induce the production of ROS, 

which in turn induces the accumulation of unfolded or misfolded proteins [48]. The action of 

the ER stress/UPR is initially an adaptive process, as an increase in ER chaperone proteins 

will attempt to reestablish homeostasis by restoring proper protein folding. However, the 

excessive and unremitting activation of the UPR becomes maladaptive and induces 

apoptotic pathways for cell destruction [2]. Therefore, the presence of ER stress markers, 

especially Caspase-12, in the diabetic heart is considered to be a pathological marker. More 

support for this notion stems from the evidence that manipulating components of the UPR 

with pharmacological agents improves heart function in the setting of diabetes. For instance, 

the chemical chaperone, tauroursodeoxycholic acid, ablated obesity-associated cardiac 

contractile dysfunction by reducing ER stress [54]. The findings of the present study suggest 

that H2S therapy targets ER stress under HFD conditions. Specifically, we found that H2S 

therapy decreased the HFD-induced activation of the ATF6 and IRE1 arms of the UPR. The 

findings related to a decrease in the IRE1 arm are of particular importance to the 

development of diabetic cardiomyopathy for several reasons. First, the chronic activation of 

IRE1 leads to the cleavage and activation of caspase-12. It then translocates from the ER to 

the cytosol, where it directly cleaves procaspase-9, which, in turn, activates the downstream 

effector caspase, caspase-3 [55]. This occurs without the need for mitochondrial 

amplification indicating that caspase-12-mediated apoptosis is a specific apoptosis pathway 

of ER, independent of the mitochondria or death receptor activation [56]. Second, chronic 
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activation of IRE1 leads to the activation of Jnk, which can induce apoptosis by activating 

Bax and Bad[57] and inhibiting Bcl2 and Bcl-xL[58; 59], as well as induce pathological 

cardiac hypertrophy [49]. Together, these findings suggest that H2S therapy attenuates the 

development of HFD-induced hypertrophy and cardiac dysfunction in part by suppressing 

ER stress.

Although the current study demonstrates that H2S therapy attenuates the development of 

HFD-induced diabetic cardiomyopathy, there are a few caveats that need to be noted. First, 

our findings related to the ability of H2S to improve the metabolic derangements associated 

with HFD feeding are in contrast to several studies, including a recent study from our lab 

[35]. Specifically, the previous studies reported that the protective effects of H2S therapy in 

models of diabetes were observed in the absence of changes in the metabolic derangements 

of the animal. The difference more than likely lies in the duration of the treatment and/or the 

model system. For instance our previous study evaluated the effects of 7 days of H2S 

therapy, whereas the current study evaluated the effects of 12 weeks or 24 weeks of H2S 

therapy. Second, the H2S-producing enzymes were unaltered with HFD, while the H2S 

levels were reduced. This finding is similar to our previous study in which db/db diabetic 

mice exhibited reduced H2S levels with no correlating change in the protein expression of 

the enzymes [35]. However, in our previous study we found that the enzymatic activity of 

the H2S-producing enzymes was decreased in the setting of diabetes. The activity of 3-MST 

is inhibited by oxidative stress [60]. Therefore, it is possible that the oxidative environment 

induced by HFD feeding contributes to the reduced levels of sulfide by reducing the activity 

of the H2S-producing enzymes. Alternatively, Suzuki et al [32] suggests that the elevated 

levels of glucose seen in diabetes induce the mitochondrial formation of ROS, which in turn 

causes an increased consumption of H2S. Either or both of the mechanisms could lead to the 

reduced levels of H2S seen in the setting of HFD feeding. Future studies are definitely 

warranted to determine the exact mechanism(s). Third, the precise mechanism by which H2S 

therapy reduces ER stress is currently not known. Given the antioxidant properties of H2S, it 

is possible that H2S reduces oxidative stress, which in turn reduces the pathological stimulus 

that induces ER stress. On the other hand, the ability of H2S to improve the diabetic state of 

the animals may also contribute to the reduction in ER stress. Furthermore, the unaltered 

GRP78 results did not fit the standard UPR mechanism, as numerous studies have shown 

GRP78 upregulation after ER stress [61; 62; 63]. Few studies have examined such a chronic 

high fat diet phenotype, and we believe that GRP78 may be regulated differently than the 

UPR arms, as it is a molecular chaperone that is omnipresent. Our findings warrant a closer 

temporal look into the activity of this protein. Regardless of the mechanism, our data 

suggests that the improvements in cardiac structure and function in response to H2S therapy 

are associated with improvements in ER stress. Therefore future studies are warranted to 

investigate if the mechanism is direct or indirect.

In summary, the findings of the current study suggest that a deficiency of H2S contributes to 

the metabolic derangements induced by HFD feeding. Additionally, our findings indicate 

that oral H2S therapy prevents and reverses the development of HFD-induced diabetic 

cardiomyopathy. Finally, we found that the protective effects of H2S therapy were 

associated with the activation of APNAMPK signaling and suppression of HFD-induced ER 

stress. Therefore, these findings further support the emergent concept that H2S therapy may 
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be of clinical importance in the treatment of cardiovascular complication stemming from 

diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• High fat diet (HFD) feeding decreases hydrogen sulfide (H2S) levels

• Oral H2S therapy attenuates and reverses HFD-induced cardiac dysfunction

• Oral H2S therapy attenuates HFD-induced cardiac hypertrophy and fibrosis

• Oral H2S therapy induces APN-AMPK signaling in the setting of HFD feeding

• Oral H2S therapy suppresses cardiac ER stress stemming from HFD feeding
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Fig. 1. 
Representative immunoblots and densitometric analysis of cystathionine beta synthase 

(CBS), cystathionine gamma lyase (CSE), and 3-mercaptopyruvate sulfutransferase (3-

MST) (A-B). Circulating (C-D) and cardiac (E-F) levels of free hydrogen sulfide (H2S) and 

sulfane sulfure. All samples (blood and hearts) were collected from control, high-fat diet 

(HFD), and HFD-fed mice supplemented with SG-1002 (20 mg/kg/day). One group of mice 

received the SG-1002 supplemented HFD chow for the entire 24 weeks (HFD-S). We 

delayed the treatment in another group mice (HFD-D). These mice received the HFD chow 

for 12 weeks before being switched to the SG-1002 supplemented HFD chow for the final 

12 weeks of the study. Results are expressed as mean ± SEM. Numbers in bars represent the 

sample size. *p<0.05, **p<0.01 and ***p<0.001 vs. Control.
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Fig 2. 
Left Ventricular End Systolic Diameter (LVESD) (A), LV Ejection Fraction (B), LV 

Fractional Shortening (C) relaxation constant Tau (D), Max dP/dT and Min dP/dT, (E) and 

Circumferential Stress (F) were evaluated in control, HFD, HFD-S, and HFD-D mice 

following 24 weeks of HFD feeding. Results are expressed as mean ± SEM.In panels A-C, 

***p<0.001 vs. Baseline. In panels D-F, *p<0.05, **p<0.01 and ***p<0.001 vs. Control.
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Fig 3. 
Heart weight to body weight ratios (A), Representative photomicrographs of wheat germ 

agglutinin stained hearts (B), Summary of myocyte cell surface area (C) and cross sectional 

area measurements (D) of wheat germ agglutinin stained hearts, Representative 

photomicrographs of Picrosirius Red stained hearts (E), and summary of fibrosis area as % 

of the LV calculated from the Picrosirius Red sections (F), in control, HFD, HFD-S, and 

HFD-D mice following 24 weeks of HFD feeding. Scale bar equals 100 μm in panels B and 

D, respectively. Results are expressed as mean ± SEM. *p<0.05, **p<0.01 and ***p<0.001 

vs. Control.
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Fig. 4. 
Circulating adiponectin levels (A), representative immunoblots (B) and densitometric 

analysis of total AMP-activated protein kinase (t-AMPK) and the ratio of phosphorylated 

AMPK (p-AMPK) to t-AMPK (C), glucose transporter 4 (GLUT4) (D), total acetyl-

coenzyme A carboxylase (t-ACC) and the ratio of phosphorylated ACC (p-ACC) to t-ACC 

(E), and cardiac triglyceride levels (F) in control, HFD, HFD-S, and HFD-D mice following 

24 weeks of HFD feeding. Results are expressed as mean ± SEM. *p<0.05, **p<0.01 and 

***p<0.001 vs. Control.
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Fig. 5. 
Representative immunoblots (A) and densitometric analysis of inositol-requiring enzyme 1 

(IRE1) (B), activating transcription factor 6 (ATF6) (C), and ATF4 (D). All samples were 

collected from the hearts of control, HFD, HFD-S, and HFD-D mice following 24 weeks of 

HFD feeding. Results are expressed as mean ± SEM. *p<0.05, **p<0.01 and ***p<0.001 

vs. Control.
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Fig. 6. 
Representative immunoblots (A) and densitometric analysis of X-box– binding protein-1 

(XBP1) (B), total JNK (t-JNK) (C), ratio of phosphorylated JNK (p-JNK) to t-JNK (D), and 

ratio of p-JNK to total protein load (E). All samples were collected from the hearts of 

control, HFD, HFD-S, and HFD-D mice following 24 weeks of HFD feeding. Results are 

expressed as mean ± SEM. *p<0.05, **p<0.01 and ***p<0.001 vs. Control.
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Fig. 7. 
Representative immunoblots (A) and densitometric analysis of glucose-regulated protein 94 

(GRP94) (B), GRP78 (C), and cleaved caspase-12 (D). All samples were collected from the 

hearts of control, HFD, HFD-S, and HFD-D mice following 24 weeks of HFD feeding. 

Results are expressed as mean ± SEM. *p<0.05 and ***p<0.001 vs. Control.
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Table 1
Body weight and blood analysis of mice fed a HFD for 24 weeks

Control HFD HFD-S HFD-D

Body Weight (grams) 32.3 ± 0.8 53.3 ± 1.6*** 46.5 ± 1.9*** 51.1 ± 0.9***

Blood Glucose (mg/dL) 137.5 ± 4.9 206.0 ± 5.2*** 184.1 ± 5.9ψ 183.7 ± 6.8ψ

Insulin (ng/mL) 0.8 ± 0.1 22.61 ± 0.7*** 5.8 ± 1.6φ 13.4 ± 1.8Φ

Total Cholesterol (mg/dL) 39.3 ± 1.5 80.1 ± 3.4*** 80.1 ± 3.2*** 85.1 ± 3.3***

Values are means ± SEM for n = 8-15 per group.

***
p<0.001vs. Control.

ψ
p<0.001 vs. Control and p<0.05 vs. HFD.

φ
p<0.05 vs. Control, p<0.001 vs. HFD, and p<0.01 vs. HFD-D.
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