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Abstract 

Purpose: To study the role of heart and neural crest derivatives expressed 1 (HAND1) and 
cystathionine-beta-synthase (CBS) in the maintenance of cardiac architecture following high fat diet-
induced obesity.   
Methods: Mouse models of initial and critical heart disease were established by continuous feeding of 
high fat diet for 7 and 12 months, respectively. The expression of HAND1 and CBS were assayed using 
immunohistochemistry and Western blotting.  
Results: Obesity led to mild and severe forms of heart disease which were confirmed through 
histological imaging. Initial obesity resulted in cardiac tissue remodeling along with initial degeneration, 
while critical obesity resulted in tissue hardening. The expression of HAND1 was upregulated 4.3 folds 
in the mild form of cardiac failure, relative to marginal expression pattern of HAND1 in control tissue. 
However, as the disease progressed, the expression of HAND1 was limited in serve form of cardiac 
failure. Moreover, the expression of cystathionine beta-synthase (CBS) was upregulated 3.7-fold in the 
initial form of heart failure, but was subsequently reduced in serve form of heart disease.  
Conclusion: These results reveal that in high fat diet-induced cardiac stress, the over-expressions of 
HAND1 and CBS at the initial stages induce extensive alterations in cardiac architecture. 
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INTRODUCTION 
 
Heart failure results in progressive decreases in 
cardiac mechanical function. Cardiac failure 
involves multiple factors such as inflammation 
and neuro-hormonal changes, as well as lesions 
in cardiac, vascular smooth muscle, fibroblast 
and endothelial tissues [1]. Heart disease results 

in arrhythmias which are linked to disruption of 
Ca2+ homeostasis in cardiomyocytes [2]. 
Unfortunately, the treatment for heart failure with 
inhibitors of angiotensin converting enzyme and 
β-adrenergic blockers give only temporary relief 
from the associated symptoms. Heart failure 
patients are subjected to multiple medications 
that increase the risk of multiple drug interactions 
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and toxicity [3]. Treatment responses vary, even 
in patients with similar clinical symptoms [4]. The 
latter may be due to variabilities in genetic 
information amongst individuals.   
 
Heart failure results in morphological changes in 
myocardium due to metabolic and functional 
changes [5]. The cardiac tissue depends on fatty 
acid and glucose oxidation pathways for its 
energy needs. A condition of high fatty acid 
oxidation and less glucose oxidation results in 30 
% reduction in cardiac efficiency [6]. Overall, this 
results in more lactate production and acidosis 
which alters tissue microenvironment and 
disturbs cellular homeostasis. Angiotensin II, the 
most well-known peptide hormone, affects 
cardio-myocytes by increasing the production of 
reactive oxygen species (ROS) which disrupt 
mitochondrial fatty acid oxidation, resulting in 
tissue damage [7-9].   
 
The expression of different genes and their post-
translational modification varies as a function of 
the cardiac environment. These variations 
determine their cellular turnover. Thus, it is 
crucial to understand the regulation of these 
genes in different pathological stages [10]. Heart 
and neural crest derivatives expressed 1 
(HAND1) is a cardiac transcription factor which 
shows elevated expression in heart failure [11]. 
Loss of HAND1 function results in morphogenic 
defects in the left ventricle [12]. Recent studies 
on CBS showed that its deficiency results in 
endothelial dysfunction [13]. It has also been 
reported that inhibition of CBS may be a 
therapeutic approach for ischemic injury [14]. 
Against this background, the actual roles of 
HAND1 and CBS expressions at different stages 
of obesity-induced cardiac stress were 
investigated in the present study. 
 
EXPERIMENTAL 
 
Experimental animals 
 
Wild type mice with C57BL/6 background were 
used in this study. At 10 weeks of age, the mice 
are fed ad libitum on high fat diet (with 45 % 
calories as fat, 35 % carbohydrate and 20 % 
calories as protein (Rodent Diet D12451, USA). 
The control mice were fed with standard diet 
containing 13 % calories as fat, 67 % 
carbohydrate and 20 % calories as protein 
(2014S Rodent Maintenance Diet, Spain). The 
high fat and standard diets were fed for 7 months 
to group 1 mice (6 mice), and extended up to 12 
months for group 2 mice (6 mice). Mice in the 
two groups were maintained in a laboratory set 
up at room temperature of 22 ± 1 ºC and relative 
humidity of 55 ± 5 %. The animal experiments 

were approved by the institutional ethical 
committee (approval no. XE2016331). The 
procedures and animal handling were conducted 
in agreement with National Guidelines of Animal 
Care Committee [15]. 
 
Histology 
 
Dissected heart tissue was sliced into smaller 
sections and thoroughly washed with distilled 
water. They were then fixed in 10 % formalin 
solution in a container for 48 h at 40 ºC. After 
fixation, the tissues were once again washed 
with water and transferred to 70 % isopropyl 
alcohol solution for 45 min. Thereafter, the 
tissues were processed by dehydration in 
increasing gradient concentration of isopropyl 
alcohol solution, and finally in absolute isopropyl 
alcohol. After complete dehydration process, the 
tissues were treated with xylene for 45 min to 
facilitate wax impregnation.  They were then 
embedded in wax and made into blocks which 
were mounted on a microtome and sliced to 
obtain thin sections (5 µm in size). The 
processed sections were stained with 
hematoxylin & eosin (H & E) and visualized 
under the light microscope. 
 
Immunohistochemistry 
 
The paraffin-embedded heart tissues were 
subjected to thin sectioning (6 µm size) using a 
microtome, and the sections were mounted on 
slides which were overlaid with water. The slides 
were placed in the oven at 60 ºC for 5 min, to 
stretch out the sections. Then, the slides were 
washed with xylene, followed by isopropyl 
alcohol and finally rinsed in water. Antigen 
retrieval was carried out by boiling the slides in 
10 mM sodium citrate solution, pH 6.0 for 15 min. 
Then, the slides were treated with 4 % H2O2 
solution for 20 min. After washing, the slides 
were treated with blocking solution (4 % bovine 
serum albumin, BSA) in Tris-buffered saline, TBS 
containing 0.1 % Tween 20) for 1 h at room 
temperature. Thereafter, the slides were 
incubated for 8 h at 4 ºC with anti-HAND1 
(Sigma-Aldrich, Hong Kong, China; catalogue no: 
HPA040925) or anti-CBS antibody (Abcam, 
Cambridge, MA, USA; catalogue number: 
ab96252) diluted in TBS containing 0.1 % Tween 
20. After incubation, the slides were washed 
thrice with phosphate buffer saline (PBS) and 
incubated with horse radish peroxidase-
conjugated specific secondary antibody for 2 h at 
room temperature. After removing the secondary 
antibody by thorough washing using 1X PBS, the 
slides were incubated with 3,3'-diaminobenzidine 
(DAB) substrate for 5 min to enhance 
development of the specific signals. 
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Western blotting 
 
The dissected heart tissue was washed in ice-
cold PBS solution and cut into smaller sections. 
Cell lysates were prepared from the tissue 
samples by homogenizing the tissue with 2X 
protein sample in ice-cold condition to block 
protease activity. The prepared cell lysate was 
centrifuged at short spin to separate the 
supernatant which was transferred to a fresh 
tube and heated in a boiling water bath for 5 min 
to obtain the protein samples. The prepared 
protein samples were loaded onto SDS-PAGE 
gel in equal concentrations and run for 3 h at 50 
V. The separated proteins in the gel were 
transferred to activated polyvinylidene difluoride 
(PVDF) membrane and blocked for 2 h with 4 % 
BSA in TBST solution. Then, the membrane was 
incubated with the primary antibody anti-HAND1 
(Sigma-Aldrich, Hong Kong, China; catalogue 
number: HPA040925) or anti-CBS antibody 
(Abcam, Cambridge, MA, USA catalogue 
number: ab96252) for 6 h at 4 ºC. After 
incubation, the membrane was washed and 
incubated with specific secondary antibody and 
finally developed with DAB kit to obtain the 
specific signals.  
 
Statistical analysis 
 
All experiments were performed in triplicate, and 
data are presented as mean ± standard error of 
the mean (SEM). Significant differences between 
the groups were analyzed using Student’s t-test. 
The statistical differences were considered 
significant at p < 0.05. The experimental data 
were subjected to statistical analyses using 
version 22.0 SPSS software (SPSS Inc, Chicago, 
USA). 
 
RESULTS 
 
Development of diet-induced mouse model of 
obesity and cardiac stress 
 
Obesity is one of the primary causes of heart 
disease. Indeed, obesity and diabetes are two 
major risk factors for heart disease [16]. 
Ingestion of a high fat diet for prolonged duration 
induces cardiac dysfunction and remodeling in 
experimental animals [17]. In the present study, 
C57BL/6 background male mice were fed high 
fat diet for two durations: 7 months and 12 
months, as described in Materials and Methods 
section. Weight gain and loss of physical activity 
were observed in mice fed high fat diet for 7 
consecutive months. With a mean weight of 62 ± 
3 g, these mice gained 1.7 times more weight 
than the control mice (mean weight = 36 ± 2 g). 

The mice fed high fat diet for 12 continuous 
months developed morbid obesity (mean weight 
= 132 ± 5 g), with thrice the weight gain of control 
mice of the same age (mean weight = 43 ± 2 g). 
These morbid obesity mice suffered from sleep 
apnea and breathing difficulties. These 
symptoms may be due to the accumulation of 
lipids in the heart, resulting in difficulty in 
pumping blood throughout the body, thereby 
affecting normal physiological functions. 
 
Histopathological changes in heart tissue  
 
Obesity burden for a continuous period of time 
induces cardiac remodeling which was evident in 
histological sections of heart tissue as obesity 
worsened (Figure 1 A - C). The basic structural 
appearance of the control heart tissue (12-month 
old mice) revealed that the myocardium fibers 
were arranged in a regular pattern with distinct 
nuclei and intercalated discs (Figure 1 A). In 
contrast, the mice fed high fat diet for 7 
continuous months developed cardiac tissue 
remodeling, with early degeneration of heart 
tissue (Figure 1B). The early changes became 
exacerbated in the mice fed the high fat diet for 
12 continuous months, with clear evidence of 
tissue hardening (Figure 1C). 
 

 
 
Figure 1: Re-modeling of heart tissue following 
obesity. A: Histological section of control heart tissue 
with distinct nucleus and cells separated by 
intercalated discs. B: Initial obesity-induced cardiac 
stress showing cardiac remodeling with tissue 
degeneration. C: Remodeling of cardiac tissue 
showing tissue hardening following critical obesity 
condition. Scale bar: 50 µm 
 
Critical role of HAND1 in maintenance of 
cardiac microarchitecture 
 
In the present study, there was limited 
expression of HAND1 in the control mice (7 
month old mice), as shown in Figure 2 A. 
However, on feeding the mice high fat diet for 7 
continuous months, the expression of HAND1 
was highly upregulated (Figure 2 B), resulting in 
initiation of deleterious changes in cardiac 
microarchitecture. As the high fat diet feeding 
was continued for another 6 months, complete 
disorganization of cardiac tissue was observed, 
along with downregulation of expression of 
HAND1 (Figure 2 C). 
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Figure 2: Expression patterns of HAND1 and CBS at 
different stages of obesity-induced heart stress. A: 
Control heart tissue of 7-month-old mice with limited 
expression of HAND1. B: High fat diet-induced initial 
obesity stage showing upregulated expression of 
HAND1 in cardiac tissue. C: Intake of high fat diet for 
12 months resulted in critical obesity and 
downregulated expression of HAND1 in cardiac tissue. 
D: Heart tissue from 7-month-old Control mice 
showing normal expression of CBS. E: Initial obesity 
mice showing upregulated expression of CBS in 
cardiac tissue. F: Heart tissue from critical stage 
obesity mice showing more cardiac remodeling, but 
low expression of CBS. Scale bar: 50 µm 
 
Overexpression of CBS altered cardiac 
microarchitecture 
 
There are disagreements in opinion on the effect 
of expression pattern of CBS on vascular health: 
some studies have indicated a protective role for 
CBS expression on vascular health [13,18], while 
others ascribe a destructive role to it [14]. In the 
present study, the expression of CBS varied at 
different stages of obesity-induced stress in 
cardiac tissue (Figures 2 D - F).  In the control 
cardiac tissue (7-month-old mice), the expression 
of CBS was restricted to a specific location 
(Figure 2 D). However, due to stress induced by 
initial obesity (7 months of high fat diet 
exposure), the expression of CBS was markedly 
upregulated, resulting in initiation of destruction 
of cardiac cellular architecture (Figure 2 E). In 
the critical stage of obesity (due to 12 months of 
high fat diet intake), downregulated expression of 
CBS was observed (Figure 2 F). 
 
The quantitative expression of HAND1 and CBS 
were further cross-checked using western 
blotting (Figure 3). The results showed that the 
expression of HAND1 in initial obesity-induced 
cardiac was 4.3 times higher than that in control 
mice tissue, but the expression was 
downregulated in advanced stage obesity, with 
only 1.2-fold higher HAND1 expression than in 
control cardiac tissue. Similarly, CBS showed an 
upregulated expression pattern in initial obesity-
induced cardiac tissue (3.7 times higher than 
control), but as the obesity reach critical stage, 

its expression was down to only 1.8 times higher 
than that in 7-month-old control mice. These 
results are shown in Figures 3 and 4. 
 

 
 
Figure 3: Western blotting analysis of HAND1 and 
CBS expressions. Lane 1 & Lane 2 show optimum 
expressions of HAND1 and CBS in control heart tissue 
of 7-month- and 12-month-old mice. Lane 3 represents 
the upregulated expressions of HAND1 and CBS in 
cardiac tissue of mice fed high fat diet for 7 months. 
Lane 4 shows downregulated expressions of HAND1 
and CBS in heart tissue of mice fed high fat diet for 12 
months. (C: control mice; O 7 M: obesity induced heart 
failure mice fed for 7 months; O 12M: obesity induced 
heart failure mice fed for 12 months). 
 

 
 
Figure 4: Quantification of HAND1 and CBS 
expressions in different stages of obesity-induced 
heart failure. Based on band intensity, the expressions 
of HAND1 and CBS in the two stages of obesity-
induced heart failure were analysed and represented 
in bar diagram. The experiments were repeated more 
than three times to obtain concordant data presented 
as mean ± SD; *p < 0.05 was considered as 
statistically significant.  (O 7M = obesity-induced heart 
failure mice fed for 7 months; O 12M = obesity-
induced heart failure mice fed for 12 months) 
 
DISCUSSION 
 
Obesity is a major health problem and a risk 
factor for stroke, diabetes, heart disease, 
hypertension, cancer and reproductive disorders. 
In prolonged obesity linked heart disease, 
cardiac remodeling occurs with aberrant 
expressions of many genes like Smad6 and 
TGF-β [19]. Although the regulatory role of 
HAND1 and CBS are understood in general, not 
much was hitherto known about their roles in 
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different pathological stages of obesity-induced 
cardiac failure.  
 
An impressive corpus of evidence is available on 
obesity-induced cardiac remodeling [20]. In the 
present study, it was observed that C57BL/6 
mice fed high fat diet for 7 months developed 
cardiac tissue remodeling and early degeneration 
of cardiac tissue. The continuous ingestion of 
high fat diet led to lethal obesity and cardiac 
tissue hardening due to deregulation of many 
genes, and production of inflammation-
associated factors [21].  
 
Studies have shown that HAND1 is involved in 
regulation of myocardial growth, proliferation and 
differentiation [22]. High expression of HAND1 
has been reported in heart failure associated with 
arrhythmia [11]. The present study showed that 
at the initial stage of obesity-associated cardiac 
stress, HAND1 expression was upregulated, 
resulting in initiation of cardiac remodeling 
through tissue degeneration. However, following 
complete remodeling of cardiac tissue and tissue 
hardening, the HAND1 expression became 
downregulated. This implies an initial role for 
HAND1 in cardiac remodeling and heart failure. 
Studies have shown that HAND1 shows variable 
expression patterns, with high expression in 
developing heart, low expression in adulthood, 
and upregulated expression in adult heart failure 
[11]. The data from the present study suggest 
that at the extreme stage of heart failure, HAND1 
expression is controlled, but at the initial stages 
of obesity-induced cardiac stress, its higher 
expression is involved in cardiac remodeling by 
activating many associated genes.  
 
Impaired activity of CBS results in hyper-
homocysteinemia, a risk factor for cardiovascular 
disease [23].  Similarly, it has been reported that 
upregulated expression of CBS occurs with 
increased production of H2S which worsens 
ischemic injury [14]. The results obtained in the 
current study also support this mechanism i.e. 
the expressions of CBS and HAND1 in initial 
obesity are elevated, thereby exacerbating 
cardiac tissue stress and tissue hardening. 
 
CONCLUSION 
 
The results obtained in this study indicate that 
expressions of HAND1 and CBS are upregulated 
at the initial stage of obesity-induced cardiac 
stress, thereby worsening the disease condition. 
However, following cardiac tissue remodeling, 
their expressions are downregulated. Thus, 
HAND1 and CBS play essential roles in cardiac 
remodeling, and are promising therapeutic 
targets for obesity-induced cardiac injury. 
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