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Abstract
Although adrenergic receptors (AR) and hyperhomocysteinemia (HHcy) are implicated in heart
failure, their role in diabetic cardiomyopathy is not completely understood. We tested the
hypothesis that glucose mediated depletion of beta2-AR and HHcy impair contractile function of
cardiomyocytes leading to diabetic cardiomyopathy. To prove the hypothesis, cardiac function
was assessed in twelve week male diabetic Ins2+/− Akita and C57BL/6J mice by
echocardiography, pressure-volume loop and contractile function of cardiomyocytes. The results
revealed cardiac dysfunction in Akita. To investigate the mechanism, the levels of beta2-AR,
GLUT4, sercoplasmic reticulum calcium ATP-ase –isoform 2 (SERCA-2) and homocysteine
(Hcy) metabolic enzymes -cystathionine beta synthase (CBS), cystathionine gamma lyase (CTH)
and methyl tetrahydrofolate reductase (MTHFR) were determined in the heart. It revealed down
regulation of beta2-AR, GLUT4, SERCA-2, CBS, CTH and MTHFR in Akita. Attenuation of
beta2-AR in hyperglycemic condition was also confirmed in cardiomyocytes at in vitro level.
Interestingly, the ex vivo treatment of cardiomyocytes with beta2-AR antagonist deteriorated
whereas beta-AR agonist ameliorated contractile function. It points to the involvement of beta2-
AR in diabetic cardiomyopathy. We conclude that degradation of beta2-AR and impairment of
Hcy metabolism is implicated in diabetic cardiomyopathy.
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1. Introduction
Adrenergic receptors (AR) are important components of sympathetic system that regulate
the contractile function of the heart and thereby implicated in pathological cardiac
remodeling. AR is categorized into alpha (excitatory) and beta (inhibitory) by Ahlquist [1].
The beta- adrenergic receptors are further classified into beta1-, beta2- and beta3- subtypes.
All the three receptor subtypes have highly conserved sequences across the species and are
affected by diabetes [13]. Although both beta1- and beta2-AR co-exist in cardiomyocytes,
their mechanisms of action differ in several conditions such as beta1-AR stimulation induces
apoptosis [10] whereas beta2-AR stimulation inhibits apoptosis [7]. They also differ in G -
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protein coupling and cAMP handling [28]. It might be due to higher affinity of beta1-AR to
noradrenaline and less affinity to G-protein coupled proteins receptor (GPCR). On contrary,
beta2-AR has higher affinity to GPCR but less affinity to noradrenaline. In failing heart, due
to release of noradrenaline from sympathetic nerve, beta1-AR is first to be stimulated.
However, it is exhausted or depressed due to excess noradrenaline and the stimulated beta2-
AR maintains the function of heart. The diabetic heart is comparable to the failing heart
where beta2-AR has important role to maintain the cardiac function.

Heart failure is also associated with elevated level of homocysteine (Hcy - a non–protein
coding amino acid), a condition called hyperhomocysteinemia (HHcy) [2]. In diabetes,
plasma Hcy level is elevated. HHcy is caused mainly due to impairment of metabolic
enzymes involved in either remethylation (methyl tetrahydrofolate reductase –MTHFR) or
transsulfuration (cystathionine beta synthase -CBS and cystathionine gamma lyase -CTH)
pathways [21]. The Hcy level can be partially normalized by supplying exogenous folic
acid, which acts as a cofactor in the remethylation pathway [6]. Folic acid also has
independent effect and has been tested as therapeutic drug either alone or in combinations in
several diseases including heart failure [5;24;26].

It is often found that in diabetes glucose transportation is perturbed. One of the important
glucose transporter molecules that is attenuated during diabetic heart failure is GLUT4 [12].
The cardiac remodeling either due to down –regulation of GLUT4 or other factors ultimately
lead to contractile dysfunction of myocytes. Calcium plays important role in contractile
function of cardiomyocytes and intracellular calcium flux is maintained by sercoplasmic
reticulum calcium ATP-ase –isoform 2 (SERCA-2). Therefore, deficiency of SERCA-2 is
implicated in contractile dysfunction leading to heart failure. Heart failure is determined by
decrease in percentage fractional shortening (assessed by echocardiography), ejection
fraction (measured by pressure- volume (P-V) loop) and contractile function (±dL/dt) of
myocytes. To investigate the mechanism of heart failure at in vitro level, HL1 cell line
having phenotypic characteristics of adult cardiomyocytes has been preferred [9;19]. In
diabetes, hyperglycemia ultimately leads to cardiac dysfunction. To induce hyperglycemia,
alloxan and streptozotocin chemical treatment has been used. However, Akita having
genetic defect in insulin 2 (Ins2+/−) serve as a better model system because it induces
hyperglycemia spontaneously. In Akita, proinsulin2 cannot be exocytose due to mutation in
insulin 2 gene. The accumulation of proinsulin triggers apoptosis causing death of beta cells
that ultimately leads to hypoinsulinemia and diabetes.

2. Methods
2. 1. Animal models

The C57 BL/6J (WT) and diabetic (Ins2+/− Akita) mice were procured from Jackson
Laboratory (Bar Harbor, ME) and maintained in the animal facility of the University of
Louisville. The animal care and use programs were carried out according to standard
protocol and guidelines of National Institute of Health (NIH) and Guide for the Care and
Use of Laboratory Animals (NIH Pub. No. 86-23, revised 1985) and the regulation of the
Animal Welfare Act. Twelve week male mice were used. Folic acid (0.03 mg/L) in drinking
water was used for treatment for the duration of four weeks. The drinking water with folic
acid was changed every alternate day. All mice were sacrificed after deep anesthesia and
hearts were snap frozen immediately after extraction and stored at -80°C.
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2. 2. Glucose level test
Blood glucose was tested randomly in twelve week male mice by taking 1–2 drops of blood
collected from tail vein and using OneTouch Ultra Glucometer (LifeScan, Inc. Milpitas,
CA).

2. 3. Echocardiography
A transthoracic M-mode echocardiography was performed with a 12 –MHz ultrasound
system (Philips SONO-5500). Mice were anaesthetized with tribromoethanol (TBE- 2mg/
kg body weight) for duration of recording [20]. The percentage fractional shortening was
determined from that echocardiogram where systolic and diastolic curves were consistent.

2. 4. Hemodynamic Measurements
The P-V loop was determined by1.4 French Millar’s catheter (Millar Inc., Houston, Texas).
Mice were anaesthetized by pentobarbital (5 mg/ml) using the dose of 70 mg/kg body
weight, i. p. The protocol from the company was followed.

2. 5. The isolation of ventricular cardiomyocytes
The cardiomyocytes were isolated from the left ventricle following the exact protocol as
described elsewhere [18]. They were treated with different doses of β-AR agonist
(isoproterenol) to obtain dose dependent curve. The dose at highest response was used for
the experiments. Similarly, dose dependent curve for β2-AR antagonist (ICI 118,551
hydrochloride) was also obtained for use of specific amount of ICI 118,551 hydrochloride.

2. 6. Determination of rate of systolic contraction and diastolic relaxation
The video-edged Ion –Optics device was used for measurement of rate of contraction and
relaxation of cardiomyocytes as described elsewhere [18].

2. 7. RNA extraction and quality assessment
The mirVanaTM miRNA isolation kit (Ambion, Part number #AM1560) was used to isolate
the total RNA heart following the protocol of kit. The quality of total RNA was assessed by
NanoDrop ND-1000 and only highly pure quality RNA (260/280-2.00 and 260/230 -2.0)
was used for RT-PCR.

2. 8. RT-PCR
The RT-PCR was performed for mRNA expression of beta-2 AR, CBS, CTH and MTHFR
in WT and Akita using ImProm-II TM Reverse Transcription system kit (Promega
Corporation, Madison, WI, USA, Cat # A3800) as described elsewhere [19]. For gene
amplification the RT-PCR program was 95°C- 7.00 min, [95°C-0.50min, 55°C-1.00 min,
72°C-1.00 min] × 34, 72°C-5.00 min, 4°C-∞. The primers for RT-PCR are described in the
Table 1. The RT –PCR product was electrophoresed on 1% agarose gel in TAE with 0.008%
Ethidium bromide.

2. 9. Western Blotting
It was followed as from Mishra et al [19]. The primary antibodies were: beta2 –AR (Santa
Cruz Biotechnology, USA, cat # sc-569), GLUT-4 (Abcam, MA, USA, cat # ab654) and
beta actin (Sigma, Missouri, USA, cat # A-2228). The secondary antibodies used were rabbit
(Santa Cruz Biotechnology, USA, cat # sc-2054) and mouse (Santa Cruz Biotechnology,
USA, cat # sc 2005).
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2. 10. Confocal microscopy
The 5 μM heart sections of Akita and WT were fixed with 4% paraformaldehyde,
permeabilized with 0.02 % Triton × 100 in PBS and blocked with 1% BSA in PBS. The
sections were incubated with SERCA-2 (same primary antibody as Western blotting) and
FITC tagged secondary antibody. Dapi was used for staining the nucleus. The sections were
observed under Olympus confocal microscope.

2. 11. Cell culture
HL1 cardiomyocytes were cultured following the same method as described elsewhere [19].
These cells were treated with 5 and 25 mM of glucose (Sigma cat# G-8270) for 24 hours.
After treatment, protein was extracted using the same protocol as described elsewhere [19].

2. 12. Statistics
The results were represented as average ± standard deviation. Two tailed t-test with unequal
variance was used for comparing two groups and significance level was denoted with “*”
symbol.

3. Results
3.1. Hyperglycemia and cardiac dysfunction in diabetic Akita

There was robust hyperglycemia in Akita as compared to the WT (Figure 1A). To
investigate the effect of hyperglycemia on cardiac function, we performed P-V loop and
echocardiography. The hemodynamic measurement by P-V loop showed increase in end
systolic volume while decrease in stroke volume and ejection fraction in Akita (Figure 1B,
C, D). M-mode echocardiogram showed significant decrease in percentage fractional
shortening in Akita (Figure 1D).

3.2. Degradation of beta2-AR and down regulation of GLUT4 and SERCA-2
The Western blotting of total proteins from heart of Akita and WT revealed attenuation of
beta2-AR, GLUT4 and SERCA-2 in Akita (Figure 2A, B). The confocal microscopy of
cardiomyocytes revealed that SERCA-2 was significantly decreased in Akita (Figure 2C, D).

3.3. Homocysteine metabolism in Akita
The mRNA expression of Hcy metabolic enzymes CBS, CTH and MTHFR was determined
in the heart tissue of Akita and WT. All the three enzymes were attenuated in Akita (Figure
2E, F).

3.4. Glucose treatment on HL1 cardiomyocytes
To simulate the diabetic condition, HL1 cardiomyocytes were treated with glucose (5 mM-
normal dose and 25 mM –high dose). The protein analyses showed significant down
regulation of beta2-AR in hyperglycemic HL1 (Figure 2G, H).

3.5. Effect of beta-AR agonist on contractility of cardiomyocytes
The cardiomyocytes from WT were treated with different concentrations of isoproterenol
(beta-AR agonist) and changes in rate of contraction (dL/dt) and relaxation (−dL/dt) was
measured. The dose dependent curve showed 0.01 μM of isoproterenol as the most effective
dose for increasing the contractile function of cardiomyocytes (Figure 3A, B). Treatment of
cardiomyocytes from Akita with 0.01 μM of isoproterenol significantly increased the
baseline to percentage peak height (Figure 3C), rate of contraction (Figure 3D) and rate of
relaxation (Figure 3E), which is comparable to WT treated mice (Figure 3C, D, E). There
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was no significant difference in the baseline to percentage peak height, rate of contraction
and relaxation after treatment with 0.01 μM of isoproterenol on WT cardiomyocytes (Figure
3C, D, E).

3.6. Effect of beta2-AR antagonist on contractility of cardiomyocytes
To determine the role of beta2-AR on contractile function of cardiomyocytes, WT
cardiomyocytes were treated with different doses of ICI118, 551 hydrochloride (β2-AR
antagonist). The 100nM dose of ICI118, 551 hydrochloride had the maximum effect on rate
of contraction and relaxation (Figure 3F, G). Therefore, cardiomyocytes from WT and Akita
were treated with 100 nM of ICI118, 551 hydrochloride. There was significant decrease in
the rate of contraction (Figure 3H) and relaxation (Figure 3I) in Akita as compared to WT
after treatment with 100nM dose of ICI118, 551 hydrochloride.

3.7. Effect of folic acid on contractility of cardiomyocytes
The remethylation pathway of Hcy metabolism requires folic acid as co-factor. Therefore,
Akita was treated with folic acid and rate of contraction and relaxation of cardiomyocytes
were compared between treated and untreated mice. As a control, WT was also treated with
same dose of folic acid for the same period of time. There was no significant change found
in the rate of contraction and relaxation of Akita cardiomyocytes after treatment with folic
acid.

4. Discussion
The propensity of diabetes due to genetic predisposition is unclear. It causes a large human
population to succumb to this disease in an unnoticed manner. The heterozygous mutation in
“Insulin 2” gene in Akita serves as a unique model for type1 diabetes (T1D) that is more
relevant to human in the sense that diabetic patient may be “Insulin 2” mutant [14]. The
mutation causes impaired trafficking of Insulin 2 polypeptide resulting in accumulation and
subsequent death of pancreatic beta-cells leading to hypoinsulinemia and hyperglycemia. It
is a better model than the others such as NOD-the autoimmune depletion of beta-cells, OVE
26- the non-specific gene expression in beta-cells and Streptozotocin or Alloxan chemical
mediated destruction of beta-cells [15]. The genetic screening for “Insulin 2” mutation can
be a plausible method to warn people against their vulnerability to diabetes and to take
proper precautionary measures to escape diabetic complications. It is supported by the recent
finding that Ins2+/− mutation causes neonatal diabetes in human [14].

Cardiac dysfunction is one of the earliest manifestations of diabetes. The impairment of
pumping capacity of heart can be assessed by increase in end systolic volume and decrease
in ejection fraction and percentage fractional shortening. In twelve week Akita, there was
robust hyperglycemia (Figure 1A), which is accompanied by decrease in end systolic
volume, stroke volume and ejection fraction (Figure 1B, C), and percentage fractional
shortening (Figure 1D). It suggests that diabetic Akita has impaired cardiac function due to
defective left ventricular function.

Beta-AR plays a pivotal role in maintaining the sympathetic tone. The pharmacological
beta-AR agonist and blockers are in clinical practice for maintaining the sympathetic drive
in cardiovascular diseases [4;29]. The empirical evidences suggest their role in diabetic
cardiomyopathy [3]. During heart failure there is remarkable down regulation of beta-AR
[4;29]. To investigate the impact of sympathetic tone on diabetic cardiomyopathy, in vivo
(Akita Vs WT), ex vivo (cardiomyocytes from Akita and WT treated with beta- AR agonist
and beta2-AR antagonist) and in vitro (HL1 cells were treated with high dose of glucose)
approaches were used. Interestingly, the attenuation of beta2-AR protein in Akita (Figure
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2A, B) and glucose treated HL1 (Figure 2G, H) provides concrete evidence that there is
depletion of beta2-AR in diabetic condition. It is supported by the previous finding that
beta2-AR density decreases in diabetes [13]. However, there is possibility that beta2-AR are
non –responsive / insensitive in diabetes. Nevertheless, the improvement in contractile
function of Akita cardiomyocytes after treatment with beta-AR agonist (Figure 3C, D, E)
and deterioration of contractility after treatment with beta2-antagonist (Figure 3H, I) points
to the responsive nature of beta2-AR in diabetic cardiomyocytes. Therefore, it is concluded
that AR and especially beta2-AR is one of the important molecules that mediate diabetic
cardiomyopathy and can be used as a therapeutic target for ameliorating cardiac dysfunction.

Beta2-AR also influence GLUT4 trafficking independent of insulin stimulation [23]. The
impaired glucose transport due to defective GLUT 4 is one of the major causes of
cardiomyopathy in diabetes [11;17]. The decrease in the expression of GLUT4 suggests
impairment of glucose transport in Akita (Figure 2A, B) that ultimately leads to diabetic
cardiomyopathy. The decrease in cardiac function is mainly caused by contractile
dysfunction of cardiomyocytes where intracellular calcium uptake and release play a crucial
role. The calcium handling during contraction and relaxation of cardiomyocytes is
maintained by SERCA-2 [27]. Therefore, SERCA-2 was measured both at cellular level in
cardiomyocytes and protein level in the heart tissue. The mitigation of SERCA-2 (Figure
2A, B, C, D) explains the contractile dysfunction in Akita.

It is found that plasma Hcy is elevated in Akita. The effect of Hcy is independent of insulin
in diabetes [22]. The competitive binding of s-adenosyl –homocysteine (SAH) with beta-AR
provides the evidence of direct interaction of Hcy with beta-AR [16]. Additional evidence is
the fact that beta2-AR response is maintained by stimulatory (Gs) and inhibitory (Gs)
signals from adenylyl cyclase dependant protein kinase (a G-coupled proteins located on
transmembrane domain), and HHcy inhibits Gs signal [25]. In Akita, HHcy is due, in part to
the impairment of its metabolic enzymes CBS, CTH and MTHFR (Figure 2E, F), which
supports the findings of Chiang et al [8]. At one hand beta2-AR is degraded due to
hyperglycemia while on the other hand it is inhibited by HHcy that ultimately results into
contractile dysfunction in Akita. To reduce the effect of HHcy, Akita was treated with folic
acid, which acts as a co-factor in the remethylation pathway of Hcy. However, we did not
find any significant improvement in the contractile function of Akita cardiomyocytes after
treatment with folic acid. This can be explained by the fact that folic acid can ameliorate the
remethylation of Hcy but it does not have effect on transsulfuration pathway. As there was
down regulation of CBS and CTH enzymes in Akita, folic acid could not ameliorate HHcy
and Hcy mediated degradation of β2-AR. Based on our findings, we propose that glucose
mediated metabolic derangement in diabetes leads to depletion of beta-2 AR, attenuation of
GLUT4 and SERCA-2 and induction of HHcy by inhibiting CBS, CTH and MTHFR
enzymes in the myocardium leading to cardiomyopathy. The beta2-AR antagonist treatment
exacerbates deterioration whereas beta-AR agonist ameliorates cardiac dysfunction
suggesting that beta2-AR and HHcy have crucial role in diabetic cardiomyopathy. We
propose that in diabetes, attenuation of beta 2-AR, SERCA-2, GLUT4 and Hcy metabolic
enzymes results into myocyte contractile dysfunction leading to cardiomyopathy and beta-
AR agonist have therapeutic implications (Figure 4).
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Figure 1.
A comparison of plasma glucose level and cardiac function of 12 week male Akita with
C57BL/6J (WT): A. Akita showed robust hyperglycemia. The graph represents mean and
standard deviation. n=10. B. A representative Pressure - Volume loop with Millar catheter
showing reduction in stroke volume in Akita. C. Bar graph representing average and
standard deviation of the end systolic volume, stroke volume and percentage ejection
fraction. n= 5. D. Transthoracic M-mode echocardiography revealed significant decrease in
percentage fractional shortening (% FS) in Akita. n= 5.
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Figure 2.
Analyses of cardiac mRNA and protein in 12 week male WT and Akita: A. Western blotting
of heart tissue of Akita showed down regulation of beta 2-AR, GLUT4 and SERCA-2 in
Akita. Beta-actin was used as a loading control. B. Bar graph represents the scanned
arbitrary unit (SAU) of the bands for expression of beta2-AR, GLUT4 and SERCA-2. n=6.
C. Confocal microscopy of cardiomyocytes: SERCA-2 stained with green FITC was
attenuated in Akita. The nucleus is stained with dapi. D. Bar graph from the intensity of
FITC shows significant decrease in SERCA-2 in Akita. n=6. E. Reverse Transcription
Polymerase Chain Reaction (RT-PCR) showing attenuation of homocysteine metabolic
enzymes-cystathionine beta synthase (CBS), cystathionine gamma lyase (CTH) and methyl
tetrahydrofolate reductase (MTHFR). 18S RNA was used as a loading control. F. Bar graph
from scanned arbitrary unit of the bands shows significant decrease in CBS, CTH and
MTHFR in Akita. n=6. G. In vitro study on HL1 cardiomyocytes showing reduction of beta
2-AR after treatment with 25mM of glucose for 24 hours. Beta-actin was used as a loading
control. n=6. H. Bar graph from scanned arbitrary unit of bands shows attenuation of beta 2-
AR in HL1 cardiomyocytes after treatment with 25 mM of glucose for 24 hours.
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Figure 3.
Ex vivo studies showing effect of beta-AR agonist Isoproterenol and beta 2-AR antagonist
ICI on cardiomyocyte contractile function. A and B. Standardization of doses of
Isoproterenol (ISP) suggests 0.01μM is the optimum dose for improving the rate of
contraction (A) and relaxation (B) of cardiomyocytes. The treated myocytes were stimulated
at 1Hz and at least 20 myocytes from each set of experiment was examined. n=5. The arrow
shows the highest effective dose of ISP for myocytes. C. A comparison of baseline (BL) to
percentage peak height of cardiomyocytes during contraction and relaxation among WT,
WT treated with ISP, Akita and Akita treated with ISP. n=6. D. The rate of contraction (dL/
dt) was compared among the above four groups. n=6. E. The rate of relaxation (−dL/dt) was
compared among the above four groups. n=6, *, p< 0.05. F and G. Standardization of dose
of ICI - a beta2-AR antagonist following the same protocol as performed for ISP showed
100 nM or 0.01μM as the highest effective dose for maximum attenuation of contraction (F)
and relaxation (G) of cardiomyocytes. n=5.
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Figure 4.
Diabetic cardiomyopathy involves impairment of homocysteine (Hcy) metabolism,
attenuation of beta2-AR, SERCA-2 and GLUT4 that leads to cardiomyocytes contractile
dysfunction. Treatment with beta2-AR antagonist exacerbates while beta-AR agonist
ameliorates the contractile dysfunction of Akita. It shows the association of HHcy with
degradation of beta-AR during diabetic cardiomyopathy. In addition, it supports the role of
beta-AR as a therapeutic target for diabetic heart failure.

Mishra et al. Page 12

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mishra et al. Page 13

Table 1

Forward and reverse primer sequences for beta2-Adrenergic receptors (Beta2-AR), cystathionine gamma lyase
(CTH), cystathionine beta synthase (CBS) and methyl tetrahydrofolate reductase (MTHFR).

mRNA orientation primer

Beta2-AR forward 5′GAGCACAAAGCCCTCAAGAC3′

reverse 5′GTTGACGTAGCCCAACCAGT3′

CTH forward GACCTCAATAGTCGGCTTCGTT

reverse CAGTTCTGCGTATGCTCCGTAA

CBS forward TGCGGAACTACATGTCCAAG

reverse TTGCAGACTTCGTCTGATGG

MTHFR forward CTACCAGAGCCCAAGACAGC

reverse ATTGCAGTTGCTCCTTGTCC
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