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Abstract
Patients with diabetes have a much greater risk of developing heart failure than non-diabetic
patients, particularly in response to an additional hemodynamic stress such as hypertension or
infarction. Previous studies have shown that increased glucose metabolism via the hexosamine
biosynthesis pathway (HBP) and associated increase in O-linked-β-N-acetylglucosamine (O-
GlcNAc) levels on proteins contributed to the adverse effects of diabetes on the heart. Therefore,
in this study we tested the hypothesis that diabetes leads to impaired cardiomyocyte hypertrophic
and cell signaling pathways due to increased HBP flux and O-GlcNAc modification on proteins.
Cardiomyocytes isolated from type 2 diabetic db/db mice and non-diabetic controls were treated
with 1 μM ANG angiotensin II (ANG) and 10 μM phenylephrine (PE) for 24 h. Activation of
hypertrophic and cell signaling pathways was determined by assessing protein expression levels of
atrial natriuretic peptide (ANP), α-sarcomeric actin, p53, Bax and Bcl-2 and phosphorylation of
p38, ERK and Akt. ANG II and PE significantly increased levels of ANP and α-actin and
phosphorylation of p38 and ERK in the non-diabetic but not in the diabetic group;
phosphorylation of Akt was unchanged irrespective of group or treatment. Constitutive Bcl-2
levels were lower in diabetic hearts, while there was no difference in p53 and Bax. Activation of
the HBP and increased protein O-GlcNAcylation in non-diabetic cardiomyocytes exhibited a
significantly decreased hypertrophic signaling response to ANG or PE compared to control cells.
Inhibition of the HBP partially restored the hypertrophic signaling response of diabetic
cardiomyocytes. These results suggest that activation of the HBP and protein O-GlcNAcylation
modulates hypertrophic and cell signaling pathways in type 2 diabetes.
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Introduction
Diabetes leads to a substantially increased risk for cardiovascular disease, including heart
failure (Garcia et al. 1974), which can in part be attributed to an increase in atherosclerosis
and an increased incidence of myocardial infarction. However, both clinical (Galderisi et al.
1991) and experimental evidence (Rodrigues and McNeill 1992; Chatham et al. 1996; Ren
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et al. 1997; Brownlee 2001) also strongly indicate that diabetes leads to changes at the level
of the myocardium consistent with the development of a diabetic cardiomyopathy.
Furthermore, even accounting for the increase in vascular disease, patients with diabetes
have a much greater risk of developing heart failure than non-diabetic patients, particularly
in response to an additional hemodynamic stress such as hypertension or infarction (Preis et
al. 2009).

While the specific mechanisms leading to development of diabetic cardiomyopathy are not
well understood, hyperglycemia is frequently considered to be an important contributing
factor. The adverse effects of hyperglycemia on the heart have been attributed to increased
oxidative stress (Hayat et al. 2004; Poornima et al. 2006; Boudina and Abel 2007), increased
flux through the polyol pathway (Brownlee 2001), increased advanced glycation end
products (AGE) (Brownlee 2001; Petrova et al. 2002), PKC activation (Davidoff et al.
2004), and more recently modification of proteins by O-linked-β-N-acetylglucosamine (O-
GlcNAc).

The modification of serine and threonine residues on cytosolic and nuclear proteins by O-
GlcNAc is increasingly recognized as an important regulatory mechanism involved in signal
transduction (Love and Hanover 2005; Slawson et al. 2006; Hart et al. 2007). This atypical
glycosylation occurs in the cytosol and the nucleus, rather than in the Golgi or the
endoplasmic reticulum, and is regulated by the activities of two key enzymes, O-GlcNAc
transferase (OGT) and N-acetylglucosaminidase (O-GlcNAcase) (Love and Hanover 2005;
Slawson et al. 2006; Hart et al. 2007). In addition to OGT and O-GlcNAcase, the levels of
protein O-GlcNAcylation are also dependent on the metabolism of glucose via the
hexosamine biosynthesis pathway (HBP), which leads to the formation of UDP-GlcNAc, the
substrate for OGT and the essential sugar donor for O-GlcNAc formation. Indeed, activation
of the HBP and the resulting increase in O-GlcNAc have both been implicated in the adverse
effects of diabetes on a variety of cells and tissues, including the heart (Brownlee 2001;
Clark et al. 2003; Pang et al. 2004; Hu et al. 2005; Fulop et al. 2007a, b, c; Copeland et al.
2008; Laczy et al. 2009).

Hyperglycemia is commonly believed to be the major contributing factor to diabetic
complications; paradoxically, however, a number of studies examining the consequences of
improved glycemic control in type 2 diabetic patients have reported either no improvements
or even an increase in cardiovascular events or deaths (Nissen and Wolski 2007; Gerstein et
al. 2008; Duckworth et al. 2009). While the results of these studies could be due to a number
of factors, they raise the possibility that hyperglycemia alone may not be the primary
mediating factor underlying the adverse effects of diabetes on the heart. Of note, in addition
to hyperglycemia (Liu et al. 2000), reactive oxygen species and hyperlipidemia, both of
which are characteristics of diabetes, also lead to increased HBP flux and O-GlcNAc levels
(Du et al. 2000). Recent studies have also demonstrated the importance of transcriptional
regulation of OGT and O-GlcNAcase in modulating cellular levels of O-GlcNAc (Taylor et
al. 2008), which could also contribute to the increase in O-GlcNAcylation seen with
diabetes. Thus, increases in cardiac O-GlcNAc levels seen in diabetes could occur due to a
number of factors other than hyperglycemia.

An early response to increased hemodynamic stress, such as hypertension or infarction, is
cardiomyocyte hypertrophy, which is typically considered to be a beneficial adaptive
response to increased workload. It is only at a later stage that these changes become
maladaptive leading to decompensation and heart failure. In neonatal rat ventricular
cardiomyocytes (NRVMs), increasing HBP with either hyperglycemia or glucosamine
blunted the response to both angiotensin II- (ANG II) and phenylephrine- (PE) induced
cellular hypertrophy (Hunton et al. 2002; Pang et al. 2002), which was mediated, at least in
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part, via increased HBP flux. Therefore, the goal of this study was to test the hypothesis that
diabetes leads to blunted hypertrophic and cell signaling responses in cardiomyocytes to
ANG II and PE, and that this is mediated via increased HBP and protein O-GlcNAc levels.

Materials and methods
Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
stated.

Animals
Eight-week-old mice C57BL/KsJ-leprdb/leprdb diabetic (db/db) and non-diabetic littermate
controls were obtained from the Jackson Laboratories (Bar Harbor, ME, USA) and housed
with ad libitum food and water for an additional 4 weeks until the age of 12 weeks. At the
time of the experiments, db/db mice weighed 49 ± 3 g compared to 26 ± 1 g for lean controls
(P < 0.05), and blood glucose concentrations were 21 ± 1 mM and 7 ± 1 mM, respectively.
All animal experiments were approved by the University of Alabama at Birmingham (UAB)
Institutional Animal Care and Use Committee and conformed to the Guide for the Care and
Use of Laboratory Animals published by the National Institute of Health (NIH publication
no. 85–23, 1996).

Isolation of cardiomyocytes
Adult mouse cardiomyocytes were isolated as previously described (Shan et al. 2008). The
protocol, with some minor modifications, is based on that originally developed by the
Alliance for Cell Signalling (AfCS) for adult mouse cardiomyocyte isolation (O'Connell et
al. 2003), which reported that ~70% of cardiomyocytes cultured for 72 h exhibited rod-
shaped morphology. Briefly, hearts were rapidly excised from heparinized and anesthetized
mice, perfused retrogradely with Ca2+-free perfusion buffer consisting of 0.6 KH2PO4, 0.6
Na2HPO4, 1.2 MgSO4·7H2O, 0.032 phenol red, 12 NaHCO3, 10 KHCO3, 10 HEPES, 30
taurine, 10 2,3-butanedione monoxime and 5.5 glucose, pH 7.46, followed by a buffer
containing 12.5 μM CaCl2 and 0.4 mg/ml collagenase type 2 (Worthington). After 15–25
min of perfusion with collagenase containing buffer, the ventricles were removed and finely
minced; dispersed myocytes were filtered and allowed to sediment. The supernatant was
centrifuged and the pellet resuspended and combined with the original sedimented myocytes
in the perfusion buffer containing 5% bovine calf serum and 12.5 μM CaCl2. The calcium
concentration was increased gradually from 12.5 μM to 1 mM over ~20 min. Freshly
isolated cardiomyocytes were kept at 37°C and all experiments were performed at least 1 h
after isolation. As previously reported using this protocol, approximately 80% of
cardiomyocytes exhibited predominantly rod-shaped morphology up to at least 18 h
following isolation (Shan et al. 2008), which is consistent with report from the Alliance for
Cell Signaling (O'Connell et al. 2003). This was slightly lower at ~70% cardiomyocytes
isolated from db/db mice (data not shown).

Immunoblot analyses
Protein levels in isolated cardiomyocytes or whole heart lysates were determined using
standard immunoblot techniques as previously described (Shan et al. 2008) using antibodies
to calsequestrin (Abcam), α-sarcomeric actin (Abcam), atrial natriuretic peptide (ANP,
Santa Cruz) and TRPC1 (Alomone Labs), Bcl-2 (Cell Signaling), Bax (Santa Cruz), p53
(Santa Cruz), phosphorylated and total p38 (Santa Cruz), phosphorylated and total ERK
(Cell Signaling), phosphorylated Akt (Ser473) and total Akt (Cell Signaling). Protein O-
GlcNAc levels were also determined by immunoblot analysis as previously described
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(Champattanachai et al. 2007; Fulop et al. 2007a, b, c) using the anti-O-GlcNAc antibody
CTD110.6. The immunoblots were developed with chemiluminescence (Pierce) and
densitometry analyses were performed using Labworks Analysis Software (UVP).
Calsequestrin was used as protein loading control throughout, as it was found to have similar
levels of expression in both cardiomyocytes from control and db/db mice and was
unchanged in response to the various treatment protocols. For evaluation of phosphorylated
versus total or comparison of protein levels relative to calsequestrin, membranes were
stripped and reprobed with the appropriate antibody as previously described (Fulop et al.
2007a, b, c).

Statistical analysis
All data are presented as mean ± SE. Statistical analysis was performed by either an
unpaired t tests or one-way analysis of variance (ANOVA) followed by Dunnett's multiple
comparisons test as appropriate. Statistically significant differences between groups were
defined as P < 0.05.

Results
Diabetes blunts hypertrophic response to ANG II and PE

Cardiomyocytes from control and diabetic (db/db) mice were incubated for 24 h in the
presence or absence of either ANG II (1 μM) or PE (10 μM) as previously described
(Hunton et al. 2002; Pang et al. 2002; Hunton et al. 2004). In the control group, in response
to both ANG II and PE, there was a significant increase in ANP expression, an early marker
of cardiomyocyte hypertrophy (Fig. 1a). In contrast, in diabetic cardiomyocytes ANP
expression was unaffected by either agonist. As expected, ANG II and PE also induced a
robust increase in α-actin expression in the control group, whereas there was no effect in the
diabetic group (Fig. 1b).

Transient receptor potential channel 1 (TRPC1) was reported to mediate agonist-induced
Ca2+ signaling, and increased expression has been implicated as playing a causal role in the
development of cardiac hypertrophy (Ohba et al. 2007). Similar to ANP and α-actin, there
was a significant increase in TRPC1 protein in control cardiomyocytes with both ANG II
and PE treatments (Fig. 1c); in contrast, there were no significant changes in TRPC1
expression in diabetic cardiomyocytes with either treatment.

To provide additional insight into the effect of diabetes on hypertrophic signaling pathways,
the effect of PE on phosphorylation of p38, ERK and Akt were also assessed (Fig. 2). PE
treatment significantly increased p38 and ERK phosphorylation in control cardiomyocytes,
but similar to ANP, α-actin and TRPC1, this response was significantly blunted in the
diabetic cardiomyocytes. However, PE had no effect on Akt phosphorylation in either
control or diabetic cardiomyocytes.

Inhibition of the hexosamine biosynthesis pathway restores the hypertrophic response to
ANG II and PE in diabetic cardiomyocytes

Cardiomyocytes from diabetic mice were treated with azaserine (5 μM) (Champattanachai et
al. 2007) or 6-diazo-5-oxo-L-norleucine (Don, 20 μM) (Kang et al. 2009) inhibitors of
glutamine-fructose 6-phosphate amidotransferase (GFAT) to determine whether increased
HBP flux contributed to the blunted hypertrophic response to ANG II and PE. In the absence
of ANG II or PE, azaserine and Don had no effect on ANP or α-actin expression in diabetic
cardiomyocytes; however, both azaserine and Don significantly increased the ANG II- and
PE-induced increase in ANP and α-actin expression, to levels similar to those seen in the
control group (Fig. 3).
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Increased HBP and O-GlcNAc levels mimic the effects of diabetes
One of the consequences of increased HBP flux is an increase in protein O-GlcNAc levels;
therefore, we assessed protein O-GlcNAc levels in control and diabetic hearts and found that
they were significantly increased (Fig. 4a). In earlier studies, we found that diabetes led to
increases in specific O-GlcNAc-positive protein bands (Fulop et al. 2007a,b,c);
consequently, densitometric analysis was performed on five individual bands in the
immunoblots. The results, normalized to calsequestrin, are summarized in Fig. 4b and
demonstrate a significant increase in O-GlcNAc levels in each of the bands evaluated.

Cardiomyocytes from non-diabetic control mice were incubated with either high glucose (25
mM) or glucosamine (5 mM) to increase HBP flux, or 100 μM PUGNAc, an inhibitor of O-
GlcNAcase which increases O-GlcNAc levels in cardiomyocytes independent of the HBP
(Nagy et al. 2006). Each of these interventions led to a marked increase in O-GlcNAc levels
compared to untreated cardiomyocytes (Fig. 4c). Densitometric analysis of five individual
bands, as indicated, demonstrated that for four out of the five bands O-GlcNAc levels were
significantly increased in each treatment group (Fig. 4d).

As high glucose, glucosamine and PUGNAc all increased O-GlcNAc levels in normal
cardiomyocytes in a similar manner to that seen with diabetic cardiomyocytes, we examined
the effect of each intervention on ANP and α-actin levels following ANG II and PE
treatment. Increasing O-GlcNAc levels had no effect on ANP or α-actin expression in the
absence of either ANG II or PE and, consistent with the data in Fig. 1, there was a robust
increase in both ANP and α-actin levels in untreated normal cardiomyocytes (Fig. 5);
however, treatment with high glucose, glucosamine or PUGNAc completely blocked this
response (Fig. 5) in a manner similar to that seen in diabetic cardiomyocytes (Fig. 1). To
confirm that the effects seen with high glucose were not due to changes in osmolarity,
additional control experiments were conducted comparing the response of normal control
cardiomyocytes to Ang II and PE in the presence of the osmotic control, 25 mM mannitol,
or 5 or 25 mM glucose (Fig. 6). As shown in Fig. 6, mannitol-treated cells exhibited the
same response as cells treated with 5 mM glucose confirming that the changes reported in
Fig. 5 were a consequence of elevated glucose concentration and not a result of increased
osmolarity.

Effect of diabetes on p53, Bax and Bcl-2 in the heart
As cell survival pathways contribute to the regulation of cellular hypertrophy, we analyzed
the expression levels of key modulators of apoptosis, p53, Bax and Bcl-2, in the hearts from
control and db/db mice (Fig. 7). There was no difference in either p53 or Bax between
groups; however, the anti-apoptotic protein Bcl-2 was significantly decreased in the hearts
from diabetic mice (Fig. 7c).

Discussion
It is well established that diabetes is an important risk factor for cardiovascular disease and
is associated with a significantly increased risk of heart failure independent of the increased
incidence of vascular disease and other risk factors. Diabetes has also been attributed to
specific defects at the level of the cardiomyocyte that could contribute to contractile
dysfunction and increased risk for heart failure; however, there is little consensus regarding
the specific mechanisms underlying these defects. Clinical studies have shown left
ventricular hypertrophy in diabetic hearts (Devereux et al. 2000), although animal studies
have not consistently demonstrated this association (Marsh et al. 2009). This has likely been
complicated by the numerous animal models of diabetes that have been studied, as well as
the presence or absence of concomitant pathologies, such as hypertension. For example, in
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untreated STZ-induced type 1 diabetic rat hearts, hypertrophic signaling is higher compared
to non-diabetic hearts (Rosenkranz et al. 2003), whereas in the type 2 diabetic db/db mouse
heart under basal conditions we observed no differences compared to wild-type hearts (Figs.
1, 5, 6). Despite differences in baseline indices, however, both our study and that of
Rosenkranz et al. consistently demonstrated a blunted hypertrophic response of diabetic
hearts to pro-hypertrophic stimuli. Taken together, these data support the notion that diabetic
hearts are at increased risk of pathological hypertrophic signaling and remodeling in the
presence of concomitant stress.

There is evidence that increased flux through the HBP and increased protein O-GlcNAc
levels contribute to diabetic complications in a number of different tissues (Laczy et al.
2009); for example, in the heart increased O-GlcNAc levels have been associated with
impaired EC coupling and slower cardiomyocyte relaxation (Hu et al. 2005; Fulop et al.
2007a, b, c). Here we show for the first time that from adult type 2 diabetic db/db mice,
impaired agonist-induced hypertrophic and cell signaling responses were elicited compared
to cardiomyocytes from non-diabetic animals. Inhibition of the HBP restored the sensitivity
of diabetic cardiomyocytes to activation of hypertrophic signaling pathways; furthermore,
we found that acute activation of the HBP and increased O-GlcNAc levels in normal
cardiomyocytes blunted the hypertrophic signaling responses in a manner similar to that
seen in the diabetic cardiomyocytes. Taken together, these data support the notion that
activation of the HBP and the resulting increase in protein O-GlcNAcylation lead to
impaired activation of hypertrophic signaling in cardiomyocytes, which may be an important
contributing factor to increased incidence of heart failure associated with diabetes.

Although it has been established that diabetes increases HBP and O-GlcNAc levels in the
heart (Hu et al. 2005; Fulop et al. 2007a, b, c), the impact of these changes on the response
of cardiomyocytes to stimuli, such as hypertrophic agonists, had not previously been
studied. Pang et al. (2002) reported that in neonatal cardiomyocytes, hyperglycemia blunted
ANG II-induced cardiomyocyte hypertrophy and that HBP inhibition with azaserine
partially prevented the effects of hyperglycemia. In contrast to studies in neonatal
cardiomyocytes (Hunton et al. 2002; Pang et al. 2002), we observed no significant increase
in cell size with either ANG II or PE (data not shown), likely due to the differences between
neonatal and adult cardiomyocytes, as well as the fact that the treatment period in the earlier
studies was 48 h rather than 24 h used here. Nevertheless, in control cardiomyocytes treated
with ANG II or PE for 24 h, there were significantly increased levels of ANP and α-actin,
both well-characterized molecular markers of cardiac hypertrophy (Fig. 1a, b). We also
showed that TRPC1, another protein that has been implicated in mediating cardiomyocyte
hypertrophy (Ohba et al. 2007), was also increased by both ANG II and PE (Fig. 1c). Thus,
treatment of control cardiomyocytes with either ANG II or PE clearly activated hypertrophic
signaling pathways. In contrast, treatment of diabetic cardiomyocytes with either agonist
resulted in a complete lack of change in expression of any of these markers of
cardiomyocyte hypertrophy (Fig. 1).

To determine whether diabetes modulated the response of other signaling pathways, we also
examined the effects of PE treatment on phosphorylation levels of p38, ERK MAPK and
Akt. We found no difference in the total level of proteins between control and diabetic
groups in either untreated or PE treated conditions; however, there was a significant increase
in both p38 and ERK phosphorylation in the control group following PE treatment, which
was completely absent in the diabetic group (Fig. 2a, b). PE had no effect on Akt
phosphorylation in either control or diabetic cardiomyocytes, which is consistent with the
notion that PE more closely mimics pathophysiological hypertrophic signaling, whereas Akt
activation was typically associated with physiological hypertrophy (Shiojima and Walsh
2006).
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To determine whether the blunted response of diabetic cardiomyocytes to ANG II and PE
was due to increased HBP flux, diabetic cardiomyocytes were treated with either azaserine
or DON, both inhibitors of GFAT. We found that both GFAT inhibitors significantly
increased ANP and α-actin levels following ANG II and PE treatment (Fig. 3). We also
found that increasing HBP flux in normal cardiomyocytes, either by incubating with high
glucose or with glucosamine, also attenuated the ANG II and PE-induced increase in ANP
and α-actin (Fig. 5). One consequence of increased HBP flux is higher protein O-GlcNAc
levels and, as previously reported (Champattanachai et al. 2007;Fulop et al. 2007a,b,c), we
found that diabetes as well as acute treatment with high glucose or glucosamine increased
O-GlcNAc levels (Fig. 4). We also found that increasing O-GlcNAc levels in normal
cardiomyocytes independent of the HBP, by inhibiting O-GlcNAcase with PUGNAc, had
similar effects on both high glucose and glucosamine (Fig. 5). These data provide strong
support for the notion that activation of the HBP leading to increased protein O-GlcNAc
levels contributes to the blunted response of diabetic cardiomyocytes to ANG II and PE.

It has been reported that hyperglycemia-induced cardiomyocyte apoptosis was associated
with an increase in p53 expression, due at least in part to increased HBP flux and O-
GlcNAcylation (Fiordaliso et al. 2001); however, in the diabetic heart we found no
significant changes in p53 protein levels between hearts from control and diabetic hearts
(Fig. 7), despite significant increases in tissue O-GlcNAc levels (Fig. 4). There was also no
change in the level of the pro-apoptotic factor Bax; however, there was a greater than
threefold decrease in the anti-apoptotic protein Bcl-2 in diabetic hearts compared to controls.
While these data do not provide a causal link between the previously reported increase in
apoptosis seen in diabetic hearts either under basal conditions or following agonist
stimulation, they do suggest that decreased basal Bcl-2 levels, combined with impaired
response to hypertrophic agonists, may be contributing factors to the adverse effects of
diabetes on the heart.

Activation of the HBP and increased O-GlcNAc levels are often associated with the adverse
effects of hyperglycemia and diabetes; however, there is also growing evidence that acute
activation of these same pathways increase the tolerance to stress, including ischemia/
reperfusion (Champattanachai et al. 2007; Fulop et al. 2007a, b, c; Liu et al. 2007; Jones et
al. 2008; Chatham and Marchase 2010). Indeed, we have previously shown that hearts from
STZ-induced diabetic animals and control hearts pretreated with glucosamine exhibited
increased tolerance to Ca2+-overload stress induced by the calcium paradox protocol (Liu et
al. 2006) and that the onset of diabetes in the type-2 diabetic Zucker diabetic fatty rat was
associated with decreased injury following ischemia/reperfusion (Wang and Chatham 2004)
as well as an increase in protein O-GlcNAcylation (Fulop et al. 2007). It may appear
somewhat paradoxical to suggest that on the one hand the adverse effects of diabetes on the
heart is a consequence of attenuated hypertrophic and pro-survival signaling mediated by
increased HBP and O-GlcNAc levels, while also demonstrating that acute increases in O-
GlcNAc result in increased tolerance to ischemia/reperfusion injury. Clearly, additional
studies are required to better elucidate the mechanisms underlying the beneficial and
deleterious effects of increased O-GlcNAc on the heart.

One limitation of the studies is that they were conducted in isolated cardiomyocytes;
however, we have previously shown that the inotropic response to PE in the intact heart was
blunted following diabetes and this could be partially restored by inhibition of HBP (Pang et
al. 2004). Thus, it would seem likely that the observations seen here in isolated
cardiomyocytes would be reproduced in the intact heart. While the results from this study
link increased O-GlcNAc levels to the impaired hypertrophic response seen in
cardiomyocytes from db/db mice, we have not demonstrated the specific mechanism(s) by
which this occurs. Earlier studies in neonatal cardiomyocytes implicated a role for O-
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GlcNAc in attenuating the increase in intracellular Ca2+ induced by ANG II and PE and
required for subsequent NFAT nuclear translocation (Hunton et al. 2002; Pang et al. 2002;
Nagy et al. 2006). However, we cannot rule out the possibility that the impaired
hypertrophic responses seen here are a result of decreased receptor density or receptor
cycling. Indeed alpha-adrenergic receptor density is reduced in the diabetic heart (Heyliger
et al. 1982; Tanaka et al. 1992). In Fig. 4, it can be seen that multiple bands in the O-
GlcNAc immunoblot are increased in diabetes as well as with treatment with glucosamine
and PUGNAc; however, the specific O-GlcNAcylated protein or proteins, which contribute
to the attenuated response to ANG II and PE, are yet to be identified. Given that relatively
large numbers of proteins are targets for O-GlcNAcylation, the use of O-GlcNAc
immunopurification techniques followed by shotgun proteomics, as recently described by
Teo et al. (2010), will likely be needed to identify the proteins that are involved.

While further studies are clearly warranted to better elucidate the mechanisms underlying
the relationship between the HBP, O-GlcNAc and cardiac hypertrophic signaling, these data
provide further support for the notion that elevated protein O-GlcNAc levels contribute to
the adverse effects of diabetes on the heart. It should be noted that even in the absence of
any other hemodynamic stress, diabetes leads to impaired cardiomyocyte contractility and
ventricular function (Davidoff et al. 2004; Davidoff 2006; Ren et al. 2010), which has also
been attributed, at least in part, to increased O-GlcNAcylation (Hu et al. 2005; Fulop et al.
2007a, b, c). The ability of the heart to respond appropriately to adverse stimuli, such as
hypertension, is dependent upon the “normal” hypertrophic response. Thus, the impaired
hypertrophic signaling seen here could accelerate the progression to heart failure in diabetic
patients following acute MI or with concomitant hypertension. Consequently, we postulate
that a diabetes-induced increase in protein O-GlcNAc levels not only contributes to
contractile dysfunction, but also to impaired hypertrophic signaling, which combined with
the decreased levels of the anti-apoptotic protein Bcl-2 could led to increased cardiomyocyte
death, thereby contributing to the increased incidence of heart failure associated with type 2
diabetes.
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Fig. 1.
Expression of a ANP, b α-actin and c TRPC1 protein in cardiomyocytes isolated from non-
diabetic control (control) and diabetic (db/db) hearts following 24 h treatment with ANG (1
μM) or PE (10 μM). Upper panels are representative immunoblots and the lower panels are
mean densitometric data from three individual experiments normalized to calsequestrin. *P
< 0.05 versus control untreated group
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Fig. 2.
Expression of phosphorylated (P) and total (T) a p38, b ERK and c Akt protein in
cardiomyocytes isolated from non-diabetic control (control) and diabetic (db/db) hearts
following 24 h treatment with ANG (1 μM) or PE (10 μM). Upper panels are representative
immunoblots and the lower panels are mean densitometric data from three individual
experiments of phosphorylated proteins normalized to their respective total protein. *P <
0.05 versus control untreated group
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Fig. 3.
a Immunoblots for ANP, α-actin and calsequestrin in untreated cardiomyocytes and
cardiomyocytes following 24 h treatment with ANG (1 μM) or PE (10 μM). Cardiomyocytes
isolated from db/db animals (d) were also treated with the GFAT inhibitors azaserine (5 μM)
or Don (20 μM). Mean densitometric data for b ANP and c α-actin expression normalized to
calsequestrin from three individual experiments. Data presented as mean ± SE of five
individual experiments. *P < 0.05 versus db/db group induced with ANG or PE
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Fig. 4.
a Representative anti-O-GlcNAc immunoblots of whole heart homogenates from non-
diabetic mice (control; n = 3) and three diabetic (db/db; n = 3) mice; b mean intensity of O-
GlcNAc proteins determined by densitometric analysis with levels normalized to
calsequestrin for bands 1–5 as indicated; c representative anti-O-GlcNAc immunoblots from
cardiomyocytes treated with high glucose (25 mM; +HG), glucosamine (5 mM; +GlcN) or
PUGNAc (100 μM; +PUGNAc) for 24 h; d mean intensity of O-GlcNAc proteins
determined by densitometric analysis with levels normalized to calsequestrin for all bands
and bands 1–5 as indicated. *P < 0.05 versus control or untreated
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Fig. 5.
a Immunoblots for ANP, α-actin and calsequestrin in control non-diabetic cardiomyocytes
following 24 h treatment with ANG (1 μM) or PE (10 μM) in the presence of high glucose
(25 mM; +HG), glucosamine (5 mM; +GlcN) or PUGNAc (100 μM; +PUGNAc). Mean
densitometric data for b ANP and c α-actin expression normalized to calsequestrin from
three individual experiments. *P < 0.05 versus 5 mM glucose
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Fig. 6.
a Immunoblots for ANP, α-actin and calsequestrin in control non-diabetic cardiomyocytes
following 24 h treatment with ANG (1 μM) or PE (10 μM) in the presence of normal
glucose (5 mM), high glucose (25 mM; HG) or D-mannitol (25 mM). Mean densitometric
data for b ANP and c α-actin expression normalized to calsequestrin from three individual
experiments. *P < 0.05 versus 5 mM glucose
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Fig. 7.
Expression levels and mean densitometric data of pro-apoptotic proteins p53 and Bax, and
the anti-apoptotic protein Bcl-2 in the hearts of non-diabetic (Con) and diabetic (db/db)
mouse whole heart homogenates. *P < 0.05 versus Con
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