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diomyopathy, are complex, but much of the impact of diabetes on the heart can be attributed to impaired
glucose handling. It has been shown that the maladaptive nutrient-sensing hexosamine biosynthesis
pathway (HBP) contributes to diabetic complications in many non-cardiac tissues. Glucose metabolism
by the HBP leads to enzymatically-regulated, O-linked attachment of a sugar moiety molecule, [3-N-
acetylglucosamine (O-GIcNAc), to proteins, affecting their biological activity (similar to phosphorylation).
In normal physiology, transient activation of HBP/O-GlcNAc mechanisms is an adaptive, protective means
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Hyperglycemia to enhance cell survival; interventions that acutely suppress this pathway decrease tolerance to stress.
Diastolic function Conversely, chronic dysregulation of HBP/O-GIcNAc mechanisms has been shown to be detrimental in
Cardiac remodeling certain pathological settings, including diabetes and cancer. Most of our understanding of the impact of

sustained maladaptive HBP and O-GlcNAc protein modifications has been derived from adipose tissue,
skeletal muscle and other non-cardiac tissues, as a contributing mechanism to insulin resistance and
progression of diabetic complications. However, the long-term consequences of persistent activation of
cardiac HBP and O-GIcNAc are not well-understood; therefore, the goal of this timely review is to highlight
current understanding of the role of the HBP pathway in development of diabetic cardiomyopathy.

© 2016 Published by Elsevier Ltd.
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1. Introduction
1.1. Overview of diabetic cardiomyopathy

Diabetes Mellitus is a chronic disease projected to affect 600
million adults worldwide by 2035 [1,2]. Diabetes is caused by
deficiency of, or resistance to, the hormone insulin, resulting in
a hyperglycemic state. The two predominant forms of diabetes
include type 1 diabetes mellitus (T1DM, previously known as juve-
nile or insulin-dependent diabetes mellitus) and type 2 diabetes
mellitus (T2DM, also referred to as non-insulin-dependent dia-
betes mellitus). Of the many diabetic complications that arise as a
consequence of poor glucose control and hyperglycemia, cardiovas-
cular complications account for significant morbidity and mortality
[2,3]. Diabetes is a distinct primary disease phenotype of impaired
myocardial function that can develop independent of concomitant
comorbidities, such as coronary artery disease and atherosclerosis.
It is characterized by impairment of left ventricular (LV) diastolic
function, cardiomyocyte hypertrophy, LV fibrosis and elevated LV
reactive oxygen species (ROS) levels [2,3]. The etiology of diabetic
cardiomyopathy is distinct from other causes of LV dysfunction,
as it is characterized initially by LV diastolic (rather than systolic)
dysfunction, where relaxation of the cardiac muscle following con-
traction is prolonged [2,4]. Diastolic dysfunction is estimated to
be present in at least 50% of asymptomatic, normotensive patients
with well-controlled diabetes, preserved LV ejection fraction and
no overt coronary artery disease [5]. Diastolic dysfunction raises the
pressure gradient of blood in the pulmonary vessels, which causes
fluid to leak from these vessels into the lung alveoli, causing pul-
monary edema. This condition impairs oxygenation of blood in the
lungs, causing shortness of breath, and even death, if the condition
is not diagnosed properly.

Much of the impact of diabetes on the heart can be attributed
to hyperglycemia and increased ROS, as reviewed previously [2,6].
Mechanisms that contribute to hyperglycemia includes increased
flux of glucose and other sugars through the polyol pathway [7],
increased intracellular formation of advanced glycation end prod-
ucts [8], activation of protein kinase C (PKC) [9], and increased flux
through the hexosamine biosynthesis pathway (HBP) [6,10]. With
emerging evidence that increased maladaptive glucose metabolism
through the HBP plays an important role in many diabetes compli-
cations [11], this review provides a timely summary of our present
understanding of its role in the development of diabetic cardiomy-
opathy.

2. Hexosamine biosynthesis pathway
2.1. Overview of HBP/O-GIcNAcylation

Upon entering a cell, glucose is phosphorylated to glucose-6-
phosphate, and metabolized to fructose-6-phosphate, permitting
entry into the accessory pathways of glucose metabolism, gly-
colysis and gluconeogenesis. One such pathway is the O-linked
[3-N-acetylglucosamine (O-GIcNAc) modification of proteins (or
HBP pathway), as illustrated in Fig. 1. The post-translational,
dynamic addition and removal of O-GIcNAc to target proteins,
including regulators of transcription and translation, cytoskeletal
and other nucleocytoplasmic proteins, has emerged as a poten-
tial key player in progression of pathophysiology [12-15]. In
adipocytes, it has been that under normal physiology, the HBP con-
sumes 2-5% of cellular glucose [16]; however, a direct measure of
glucose flux through this pathway has yet to be reported in either
cardiomyocytes or the intact heart. To date, our knowledge of O-
GlcNAc protein modification has largely been derived from studies

of adipose tissue, skeletal muscle, neuronal and other non-cardiac
tissues [12,15,17].

The HBP comprises four sequential enzymatic reactions
that convert fructose-6-phosphate to uridine diphosphate-N-
acetylglucosamine (UDP-GIcNAc), the monosaccharide donor
for O-GIcNAc protein modifications (Fig. 1). The first reac-
tion is the rate-limiting conversion of fructose-6-phosphate to
glucosamine-6-phosphate by L-glutamine-fructose-6-phosphate
amidotransferase (GFAT), with concomitant conversion of glu-
cosamine to glutamine [16,18]. The second reaction is the con-
version of glucosamine-6-phosphate to N-acetylglucosamine-6-
phosphate by glucosamine-6-phosphate acetyl-transferase, using
acetyl-CoA as a substrate [19]. The penultimate reaction con-
verts N-acetylglucosamine-6-phosphate to N-acetyleglucosamine-
1-phosphate, using phosphoglucomutase. Finally, pyrophosphory-
lase catalyzes the conjugation of N-acetylglucosamine to a uridine
nucleotide to generate UDP-GIcNAc, which serves as the monosac-
charide donor for O-GIcNAcyation [15,20,21]. During this process,
O-GIcNAc transferase (OGT) attaches O-GIcNAc to protein serine
& threonine residues (‘O-GlcNAcylation’) of the affected protein.
In contrast, 3-N-acetylglucosaminidase (or ‘O-GlcNAc-ase’, OGA)
removes O-GIcNAc (Fig. 1) [12,15,20-22]. Interestingly, nutrient-
derived glucose, glutamine, acetyl-CoA, and glucosamine all feed
into the HBP at different points linking the pathway to amino
acid metabolism, lipolysis, lipogenesis, and glucose oxidation
[14,23-28].

2.2. Identification of O-GIcNAc-modified proteins

Techniques to quantify O-GIcNAc modification of proteins
continue to develop [29,30]. Recently, Vercoutter-Edouart and col-
leagues have reviewed the list of proteins modified by O-GlcNAc
(~1000 were identified) by a proteomics approach [19]. The tran-
sient nature of its addition and removal from proteins, its lack
of charge, small size, and its similarity to other small sugars, all
pose a number of challenges to identify and characterize O-GIcNAc
related targets [31]. This protein modification was first detected on
lymphocytes with radio-labelled galactose tagging [32]. Antibody
binding and fluorophore labeling remain preferred techniques
for identifying O-GlcNAc modified proteins. The CTD (C-terminal
domain) 110.6 clone is the most commonly-used commercial IgM
pan-GlcNAc antibody [33], although in some limited settings m
this can cross-react with N-GlcNAc-modified glycoproteins under
glucose deprivation [26,34]. Furthermore, the IgM antibody cannot
easily be used for immunoprecipitation because it will not bind to
protein A/G-agarose beads [34]. The first generation of monoclonal
IgG antibodies for studying O-GIcNAc (e.g. RL2, from Millipore) only
however recognize a smaller subset of O-GIcNAcylated proteins,
less than CTD110.6. Three recently developed monoclonal antibod-
ies [clone 18B10.C7 3], clone 9D1-E4 [10], and clone 1F5-Dg [14]]
have recently become commercially available [15], but these still
require further validation in experimental settings. These antibod-
ies exhibit relatively low binding affinities, and thus may only be
employed for the detection of multiple modified, higher molecular
weight or highly abundant proteins.

An additional consideration is that the O-GIcNAc modification
is not sufficiently stable for conventional tandem mass spectrom-
etry or Western blot; the GIcNAc moiety is too easily lost from
the serine/threonine side chain upon collision with gas molecules,
precluding direct detection of the modification site. More expen-
sive, highly-specialized mass spectrometry instrumentation is
required for identifying site-specific O-GIcNAc protein modifi-
cations [35-39]. Developments in chemoenzymatic techniques,
with a chemically-tagged O-GlcNAc moiety, have enabled mass-
spectrometry-based proteomic analysis of O-GIcNAc-modified
proteins. In addition, metabolic-labeling techniques of chemically-
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