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Protein O-GIcNAcylation in cardiovascular diseases
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O-GIcNAcylation is a post-translational modification of protein in response to genetic variations or environmental factors, which is
controlled by two highly conserved enzymes, i.e. O-GIcNAc transferase (OGT) and protein O-GlcNAcase (OGA). Protein O-
GlcNAcylation mainly occurs in the cytoplasm, nucleus, and mitochondrion, and it is ubiquitously implicated in the development of
cardiovascular disease (CVD). Alterations of O-GlcNAcylation could cause massive metabolic imbalance and affect cardiovascular
function, but the role of O-GlcNAcylation in CVD remains controversial. That is, acutely increased O-GlcNAcylation is an adaptive
heart response, which temporarily protects cardiac function. While it is harmful to cardiomyocytes if O-GlcNAcylation levels remain
high in chronic conditions or in the long run. The underlying mechanisms include regulation of transcription, energy metabolism,
and other signal transduction reactions induced by O-GlcNAcylation. In this review, we will focus on the interactions between
protein O-GIcNAcylation and CVD, and discuss the potential molecular mechanisms that may be able to pave a new avenue for the

treatment of cardiovascular events.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of human death
and disability worldwide. From 1999 to 2019, the number of CVD
cases nearly doubled from 271 million to 523 million, and the
deaths increased from 12.1 million to 18.6 million [1]. Although
advanced biotechnologies have been used to decipher pathogen-
esis concerning CVD, they are insufficient to fully assess and
intervene cardiovascular events. Therefore, there is an urgent need
to apply burgeoning techniques to identify novel and supplemen-
tary etiologies and pathologies to perform risk prediction in future
cardiovascular events. Among so many research fields, glycomics is
one such reliable subject to pose innovative proposals and exploit
new treatment targets. O-linked 3-N-acetylglucosamine (O-GIcNAc)
glycosylation, named O-GlcNAcylation, was widespread in the
cytoplasm, nucleus, and mitochondrion, which was first identified
on mouse lymphocytes surface by Carmen-Rosa Torres and Gerald
Hart in 1983 [2-4]. More recently, protein O-GlcNAcylation has
been found to be ubiquitously involved in the progression of
cardiovascular dysfunction. However, most of the available
existence exhibits an inconsistent role of O-GlcNAcylation in CVD,
whether it is beneficial or detrimental depends on the unique
disease environment (Fig. 1).

Hexosamine biosynthetic pathway (HBP) represents one acces-
sory glucose metabolic branch in cells and governs the production
of uridine diphosphate N-acetylglucosamine (UDP-GIcNAc), which
is the substrate of protein O-GlcNAcylation [5]. According to a

recent study, the proportion of glucose entering HBP flux in
isolated hearts accounts for only 0.003%-0.006% of glycolysis, yet
its effect should not be dismissed [6]. The first HBP step is
controlled via L-glutamine: fructose-6-phosphate amidotransfer-
ase (GFAT), a rate-limiting enzyme, which converts fructose-6-
phosphate into glucosamine-6-phosphate using glutamine, and
then glucosamine 6-phosphate is transformed into N-acetylglu-
cosamine-6-phosphate, N-acetylglucosamine-1-phosphate, and
finally forming UDP-GIcNAc requiring acetyl-CoA and uridine
triphosphate (UTP) [7]. This conversion mostly emerges in the
endoplasmic reticulum (ER) and Golgi apparatus in an extremely
dynamic mode, and this modification also exists on plentiful
cytosolic and nuclear proteins [8]. GFAT1 and GFAT2 are two GFAT
protein subtypes, encoded by the Gfptl and Gfpt2 genes,
respectively [9, 10]. During these days, it was announced that
the localization of the two isoforms was different. GFAT1 was
specifically rich in cardiomyocytes and fibroblasts, but GFAT2 was
only present in fibroblasts [11], which was contrary to initial
reports that mammalian hearts were an excellent source of GFAT2
rather than GFAT1 [12-15]. Most notably, there is a growing
consensus that GFAT can be regulated by phosphorylation and
this will be further clarified in the following sections [16].

Unlike protein phosphorylation regulated by numerous protein
kinases and phosphates, the O-GIcNAc biosynthesis is separately
controlled by two enzymes, ie. O-GIcNAc transferase (OGT) and
protein O-GlcNAcase (OGA), upon forming the UDP-GIcNAc group [17].
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Fig. 1 The types, cellular distribution, and functions of proteins that could be O-GIcNAcylated in cells. O-GIcNAcylated proteins, mainly
located in the cytoplasm, nucleus, mitochondrion, and cell membrane, include the protein kinases (in red color), transcription factors and
coactivators (in green color), metabolic proteins (in blue color), membrane receptors (in pink color), and other signaling molecules (in yellow
color). They are responsible for essential activities with regard to epigenetic regulation, gene transcription, energy metabolism, cell cycle
behavior, vascular function, Ca®* distribution, NO production and redox homeostasis. Most of these proteins can be O-GlcNAcylated (in
purple squares with the letter ‘G’) and their activities and functions can be changed directly. Differently, mTOR and SNAP29 are
directly triggered by the higher intracellular O-GIcNAcylation levels. Proteins with enhanced activity after O-GlcNAcylation modification are
indicated by red arrows, and proteins with decreased activity after O-GlcNAcylation modification are shown with green arrows. GSK-3f3
Glycogen synthase kinase-3f, PKAc PKA catalytic subunit, f1AR B1-adrenoceptor, PI3K Phosphoinositide 3-kinase, eNOS Endothelial nitric
oxide synthase, G6PDH Glucose 6-phosphatedehydrogenase, PGC-1a Peroxisome proliferator-activated receptor-y coactivator-1a, Sp1
Specificity protein 1, HDAC4 histone deacetylase 4, mTOR Mechanistic/mammalian target of rapamycin, SNAP29 Synaptosomal-associated
protein 29, ULK1 Unc-51-like autophagy activating kinase 1, RIPK3 Receptor-interacting protein kinase 3, HCF-1 Host cell factor-1.

OGT connects a single N-acetylglucosamine (GIcNAc) from the UDP-
GIcNAc group to serine (Ser) or threonine (Thr) residues of target
proteins, correspondingly, OGA catalyzes the removal of GIcNAc
moiety from amino residues [18-21]. OGT, mainly gathered in the part
of the cytoplasm, mitochondrion, and nucleus, is encoded by the Ogt
gene on the X chromosome Xq13.1 [22, 23]. Three splice variants are
generated via alternative splicing including nucleocytoplasmic OGT
(ncOGT), mitochondrial OGT (mOGT), and short OGT (sOGT) (Fig. 2a)
[22]. Each of the three multidomain OGT isoforms is constituted by
nuclear localization signal (NLS) domain, intervening sequence domain
(Int-D), two C-terminal catalytic domains (C-cat), and an N-terminal
catalytic domain (N-cat) comprising tetratricopeptide repeats (TPRs)
(Fig. 2a) [24]. Although other domains are similar, the length of TPRs is
distinct (ncOGT, 12.5 TPRs; mOGT, 9.5 TPRs; sOGT, 2.5 TPRs), and the
TPRs manipulate the glycosite selection and the substrate specificity of
OGT [25, 26]. A new finding consolidated this view that
iterative truncation of OGT TPRs domain converted the OGT
substrate selection, subcellular localization, and the glycosyla-
tion site although retaining the OGT activity [27]. Besides,
Watson et al. demonstrated that only 12% of constitutive
cardiomyocyte-specific OGT knockout mice survived to wean-
ing age (4 weeks old) and these survived mice showed heart
failure-like changes by affecting ER homeostasis [28]. This
indicates an essential biological function of OGT in cardiac
development and vascular formation. Differently, the human
Oga gene targets the position 10924.1-q24.3 of the chromo-
some [29]. Human OGA also has different splice variants, being
consisted of nucleocytoplasmic OGA (ncOGA, 130 kDa) located
in the cytoplasm or nucleus and short isoform OGA (sOGA, 70
kDa) residing in the nucleus, cytoplasm (especially ER), and
lipid droplets (Fig. 2a) [29, 30]. ncOGA protein has various
domains, including an N-terminal catalytic domain, a C-
terminal pseudo histone acetyltransferase (pseudo-HAT)
domain, two stalk domains, and two low complexity (LC)
regions, but sOGA lacks the HAT domain (Fig. 2a) [30]. OGT and
OGA can interact and coordinate with each other to control
protein O-GlcNAcylation levels in a rapid and transient way, so
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that the organism can agilely cope with outside or internal
stimuli, whilst the elaborate molecular and cellular mechan-
isms remain incompletely understood.

It is widely accepted that both the concentration and activity of
OGT and OGA can be directly modulated, which exquisitely
mediates the complex and dynamic O-GIctNAc modification
procedure (Fig. 2b, c). Firstly, substrate concentration, intracellular
protein O-GlcNAcylation density, and the counterpart magnitude
of OGT or OGA all influence specific enzyme gene transcription
(Fig. 2b, ). Intracellular UDP and UDP-GIcNAc levels were
reported to inhibit OGT such as the potential OGT inhibitor
Alloxan, an analogue of UDP-GIcNAc and UDP [31]. GIcNAc is
probably being used to inhibit OGA like OGA inhibitor
streptozotocin (STZ), an analogue of GIcNAc [32]. Lin et al
discovered that the intracellular O-GIcNAcylation fluctuations
contributed to the alterations of OGT and OGA expression, in a
feedback mode [33]. Moreover, OGA was proved to promote Ogt
transcription through cooperation with transcription factor
CCAAT/enhancer-binding protein (C/EBP), elucidating the mutual
regulation effect of OGT and OGA [34]. Secondly, gene transcrip-
tional regulation and post-transcriptional modification (e.g.,
miRNAs) also are factors determining OGT and OGA expression
(Fig. 2b, c). For example, one research group validated that E2F
transcription factor 1 (E2F1) negatively regulated OGT and OGA
expression by connecting to the putative promoter regions of Ogt
and Mega5 genes (the coding gene for OGA protein) in vitro [35].
Quite differently, Dassanayaka et al. confirmed an opposing
conclusion that E2F1 deletion brought no changes in O-
GlcNAcylation level [36]. Of unique note, miRNA-200a/200b
possesses homology with the 3’-untranslated region (3'-UTR) of
OGT mRNA, which can interfere with the transcription and
expression level of OGT, thus reducing O-GlcNAcylation concen-
trations [37]. Another investigation by Wang et al. discovered that
overexpressed miRNA-24 in the heart of type 2 diabetes mellitus
(T2DM) mice can also competently decrease the levels of target
protein OGT with a relatively smaller reduction in O-GlcNAcylation
level [38]. In addition to OGT, OGA can also be post-
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Fig.2 The molecular structure, localization and regulation of OGT and OGA. a Structure and localization of OGT and OGA isoforms. All the
identified phosphorylation sites are shown as green circles with the letter ‘P; and O-GlcNAcylation sites are shown as purple squares with the
letter ‘G’ The N-terminal region of three OGT isoforms is consisted of TPRs and an NLS. The catalytic region is composed of an N-cat domain,
an Int-D, and a C-cat domain. Additionally, mOGT has a typical MTS. These two OGA splicing variants are constituted by a catalytic domain in
the N-terminal region and two stalk domains (including N-terminal and C-terminal) and two LC regions, but they differ in a pseudo-HAT
domain. The localization of ncOGT and ncOGA mainly concentrates in the cytoplasm and nucleus. mOGT gathers in the mitochondrion, and
sOGT is present in the cytoplasm, nucleus, and mitochondrion. sOGA is centered in the nucleus and lipid droplet. b Regulation of OGT. OGT is
modulated at several aspects containing HBP substrate availability such as UDP and UDP-GIcNAc. The intracellular protein O-GlcNAc level and
the counterpart magnitude of OGA can regulate OGT in a feedback style. OGT can be regulated through TFs and miRNAs at the transcriptional
level. Post-translational modifications e.g., O-GlcNAcylation, phosphorylation, acetylation, ubiquitination, and sumoylation can also regulate
OGT. ¢ Regulation of OGA. OGA is regulated by various factors containing feedback inhibition by intracellular GIcNAc level. The intracellular
protein O-GIcNAc level and the counterpart magnitude of OGT can regulate OGA. OGA can be regulated through TFs and miRNAs at the
transcriptional level. Post-translational modifications by O-GlcNAcylation, phosphorylation, acetylation, ubiquitination, and sumoylation can
also regulate OGA. OGT O-GIcNAc transferase, OGA Protein O-GIcNAcase, UDP-GIcNAc Uridine diphosphate N-acetylglucosamine, TPRs
Tetratricopeptide repeats, NLS Nuclear localization signal, N-cat N-terminal catalytic domain, Int-D Intervening sequence, C-cat C-terminal
catalytic domain, MTS Mitochondrial targeting sequence, LC Low complexity, pseudo-HAT Pseudohistone acetyl transferase, TFs Transcription
factors, miRNAs MicroRNAs, ncOGT Nucleocytoplasmic OGT, mOGT Mitochondrial OGT, sOGT Short OGT, ncOGA Nucleocytoplasmic OGA,
sOGA Short isoform OGA. The databases https://glygen.org/, https://www.uniprot.org/, and https://research.bioinformatics.udel.edu/iptmnet/
are used to search for known modification sites.

transcriptional regulated via miRNAs [39]. Thirdly, the two demonstrated to regulate OGT and OGA (Fig. 2b, c) [42, 43]. For

enzymes are subject to post-translational modifications (PTMs)
such as phosphorylation and O-GlcNAcylation, which perturbs
enzyme activity, subcellular localization, structural stability and
degradation rate of OGT and OGA (Fig. 2b, c). Bullen et al.
reported that AMPK phosphorylated Thr-444 on OGT, which
further changed its activity and nuclear localization and affected
O-GIcNAcylation of numerous proteins [40]. Another investigation
by Latorre-Muro et al. confirmed that OGT can be phosphorylated
through activation of the protein kinase R (PKR)-like ER kinase
(PERK) that enhanced OGT activity [41]. Besides, other PTMs such
as acetylation, ubiquitination, and sumoylation were also
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example, OGT was found to serve as the target of ubiquitin ligase
that mediated ubiquitination-induced degradation of OGT [44].
Although a multitude of modified sites on OGT and OGA have
been identified (Fig. 2a), very little is known with their functions
referring to OGT and OGA. Considering the importance of O-
GIcNAc turnover, more investigations regarding regulations of
PTMs are anticipated, providing mechanisms on how OGT and
OGA are regulated. Here, we will introduce new findings between
O-GIcNAcylation and cardiovascular events and illustrate the
contribution of protein O-GlcNAcylation to CVD as well as
presenting current understandings of O-GIcNAc cycling (Fig. 1).

Acta Pharmacologica Sinica (2023) 44:8-18


https://glygen.org/
https://www.uniprot.org/
https://research.bioinformatics.udel.edu/iptmnet/

ROLES OF O-GLCNACYLATION IN THE CARDIOVASCULAR
SYSTEM AND DISEASES

Heart failure and cardiac hypertrophy

Heart failure (HF), also known as cardiac insufficiency, is the final
outcome of many heart diseases. Meanwhile, the compensatory
cardiac hypertrophy may be evolved into HF under persistent stress,
and protein O-GIlcNAcylation signaling has been reported to be
correlated with both cardiac hypertrophy and HF [13]. As
exemplified by the O-GIcNAcylation level of several proteins such
as ¢-Myc, troponin |, and troponin T, is much higher in cardiac
hypertrophy and leads to poor cardiac remodeling [45-48]. Similarly,
Lunde et al. clearly delineated that protein O-GlcNAcylation level
was higher in HF left ventricular tissue [13]. Besides, the protein
concentrations of HBP-related enzymes (OGT, OGA, GFAT2) together
with their mRNA levels were all increased under pressure load [13].
Though the most cases are implying that the increased O-
GlcNAcylation levels are associated with the development of HF
and cardiac hypertrophy, the underlying mechanisms for this
phenomenon are undefined.

Interestingly enough, in recent years, much more investigations
indicated the potential role of O-GlcNAcylation in HF by adjusting
mitochondrial energy metabolism, cardiomyocyte growth, autop-
hagy, and gene expression. For example, peroxisome proliferator-
activated receptor-y coactivator-1a (PGC-1a), a transcription coacti-
vator interfering with mitochondrial biosynthesis and energy
homeostasis, is substantially expressed in cardiac muscle [49]. The
PGC activity is also found to be determined by protein O-
GlcNAcylation [50]. Nevertheless, a relative decrease of the PGC-1a
level was observed in cardiac hypertrophy, and one possible
mechanism was that PGC-1a could be directly O-GIcNAcylated and
its activity and expression were subsequently inhibited, which
eventually suppressed the fatty acid oxidation/mitochondrial genes
expression and caused metabolism dysregulation (Fig. 1) [51].
Another recent observation also illustrated that dilated cardiomyo-
pathy and HF were associated with increased protein O-GlcNAcyla-
tion levels in OGT transgenic mice, where OGT overexpression
caused ventricular arrhythmia and premature death independent of
pathological stress, but OGA overexpression weakened the O-
GlcNAcylation-induced destructive effects and stable myocardial
function could be maintained [52]. Significantly, this observation
also substantiated the fact that mitochondrial metabolic genes were
dampened with lower activity, coupled with a lower expression of
mitochondrial complex | in OGT-induced high O-GIcNAcylation
context, suggesting that protein O-GIcNAcylation may lead to
adverse myocardial remodeling in the progression of HF and
cardiomyopathy by causing mitochondrial function impairment [52].
Moreover, compromised cell cycling is a common trait in the heart
in response to HF, which is reported to have relevance with protein
O-GlcNAcylation. In the case of pathological cardiac hypertrophy
and HF, increased HBP and protein O-GlcNAcylation in cardiomyo-
cytes were reported to induce cardiomyocyte growth and
pathological cardiac remodeling via activating the mechanistic/
mammalian target of rapamycin (mTOR) (Fig. 1) [53]. mTOR is a
protein kinase responsible for cardiomyocyte growth [54], and
many other investigations have confirmed that mTOR signaling is
linked to cardiac hypertrophic growth [55]. In addition, cardio-
myocyte autophagy bears the benefit to confront various stress
stimuli in cardiovascular events. Strikingly, an investigation has
shown protein O-GlcNAcylation in cardiomyocytes is an indis-
pensable part of initiating autophagy, implying O-GlcNAcylation
plays a protective role in cardiac HF and may provide new
treatment insights for HF events [56]. This was performed by
activating unc-51-like autophagy activating kinase 1 (ULK1), a
crucial autophagy initiation regulator, and O-GlcNAcylation of
ULK1 upregulated its activity and initiated autophagy in
cardiomyocytes (Fig. 1) [56].

Others identified protein O-GlcNAcylation as a critical element
in regulating gene expression, especially for hypertrophy-related
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genes and inflammatory cytokine genes. This represented one
mechanism underlying its contribution to HF. The study by Chen
et al. affirmed that the protein O-GIcNAcylation elevation induced
cardiomyocyte hypertrophy-like changes in primary cultured
mouse cardiomyocytes and thickened the left ventricular wall
and finally induced cardiac hypertrophy by activation of protein
kinase A (PKA) [57]. It can be explained that PKA catalytic subunit,
PKAc, was directly O-GIcNAcylated and its kinase activity was
enhanced (Fig. 1) [58], which augmented the synthesis of
downstream myocardial cell proteins such as atrial natriuretic
peptide (ANP) and B-myosin heavy chain (3-MHC) and resulted in
cardiac hypertrophy and cardiac dysfunction [57]. Remarkably,
transcription factors are important O-GlcNAcylation target pro-
teins. Nakagawa et al. showed that O-GlcNAcylation prevented
intermittent hypoxia (IH)-induced cardiac remodeling, emphasiz-
ing that O-GIcNAcylation also exerted a beneficial effect via
modulating the transcription of inflammatory cytokine genes [59].
For example, the nuclear factor of activated T cells (NFAT) and
nuclear factor kappa-B (NF-kB), two inflammation-related tran-
scription factors, can be activated or inhibited by different PTMs
such as phosphorylation and O-GlcNAcylation. The phosphory-
lated NFAT exists in the cytoplasm rather than nuclear and thus it
is unable to trigger nuclear target hypertrophy-related genes,
while the phosphorylation modification can activate NF-kB and
induce gene transcription. In an IH mouse model, the elevated O-
GlcNAcylation of glycogen synthase kinase-3(3 (GSK-3(3) upregu-
lated the GSK-3f-mediated phosphorylation of NFAT, which was
followed by the lower expression of target hypertrophy-related
genes (Fig. 1) [59]. On the other hand, NF-kB was directly O-
GIcNAcylated and its phosphorylation was inhibited, which
concurrently alleviated the transcriptional activity for inflamma-
tory cytokine genes [59]. In summary, these studies demonstrate a
continuously growing correlation between protein O-GIcNAc
modification and functional consequences of cardiovascular
events. The versatile roles of protein O-GlcNAcylation in HF
highlight the significance of maintaining O-GlcNAcylation
homeostasis.

Diabetic heart disease

Previous diabetic-related studies showed that a wide variety of
diabetic heart diseases were affected through altering protein O-
GlcNAcylation, such as diabetic cardiomyopathy and diabetes-
induced HF. Si et al. have established an association among
protein O-GlcNAcylation and cell apoptosis and coronary micro-
vascular disease (CMD) [60]. The p53 transcription factor is
responsible for regulating cell apoptosis [61]. However, in
coronary ECs, the O-GIcNAcylation of p53 can inhibit the Thr-
155 phosphorylation thereby shunning p53 ubiquitination degra-
dation, and the accumulated p53 competently induced CMD and
cardiac contractility damage, all of which can be reversed by
down-regulating p53 O-GlcNAcylation (Fig. 1) [60, 62]. Inhibiting
p53 O-GlcNAcylation is, therefore, a feasible therapy scheme for
controlling CMD. Likewise, protein O-GlcNAcylation was reported
to worsen diabetic myocardial injury via disturbing autophagy
response. In the autophagy reaction, synaptosomal-associated
protein 29 (SNAP29)-syntaxin-17 (STX17)-vesicle-associated mem-
brane protein 8 (VAMP8) complex is involved in membrane fusion
between autophagosome and lysosome [63]. SNAP29 can be
modified by O-GIcNAcylation [64]. O-GIcNAcylation of SNAP29
concomitantly inhibited the formation of SNAP29-STX17-VAMP8
complex and blocked the autophagy-mediated degradation and
impaired cardiac diastolic function (Fig. 1) [65]. Targeting the O-
GlcNAcylation level in SNAP29 may be an executable approach for
ameliorating cardiac function.

Some other studies also confirmed that protein O-GlcNAcylation
may accelerate diabetic cardiomyopathy and diabetes-induced HF
by affecting intracellular Ca®" distribution. One recent analysis
bore out that the O-GIcNAc modification of B1-adrenoceptor
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(B1AR) may contribute to decreased B1AR activity and repressive
cAMP-PKA-phospholamban (PLB) pathway in diabetic cardiomyo-
pathy, which further produced inhibitive SERCA2a and augmen-
ted Ca®" influx and aggravated myocardial cell death in the end,
and B1AR was a momentous constituent of activating cAMP-
PKA-PLB signaling pathway (Fig. 1) [66]. Additional clues pointed
out that diabetic cardiac Ca®>* homeostasis can also be instantly
regulated via OGT and OGA. In non-diabetic mice, OGT impaired
left ventricular diastolic function and generated poor cardiac
remodeling, while OGA reversed the above maladaptive cardiac
remodeling via changing the Ca®'-related signaling pathway:
phosphoinositide 3-kinase (PI3K)-Akt-SERCA2a pathway [67]. In
this experiment, OGT-induced high O-GIcNAcylation suppressed
PI3K-Akt-SERCA2a signaling and disrupted Ca®" location and
prompted diabetes-induced HF, which was interrelated with
lower PI3K activity itself and activated PI3K inactivator PTEN
(Fig. 1) [67]. Of special note, protein O-GIcNAcylation has also
been demonstrated to regulate epigenetics and possess the
ability to protect diabetic hearts. As an example, the increased
O-GlcNAcylation in the position of histone deacetylase 4
(HDAC4) Ser-642, a crucial epigenetic regulator involved in
cardiac growth, contributed to the generation of HDAC4-NT,
which was proved to protect the failing heart previously, and
thus prevented diabetic hearts from HF in type 1 diabetes
mellitus and T2DM mouse models (Fig. 1) [68, 69]. Collectively,
these data drop a hint that targeting the reconstruction balance
of protein O-GlcNAcylation is significant for diabetes-related
disease signaling transduction.

Ischemia reperfusion (I/R) injury

I/R injury is liable to cause myocardial infarction, arrhythmia,
cardiac hypertrophy, and HF [70, 71]. Some studies have found
that I/R injury is tightly related to protein O-GIcNAcylation, as
evidenced by O-GIcNAcylation-mediated changes in redox state,
cellular life activities, and clinical treatment effects. Supportively,
Ou et al. discovered that hypoxic acclimation-induced O-
GlcNAcylation efficaciously alleviated I/R injury via activating
glucose 6-phosphatedehydrogenase (G6PDH) and enhancing
redox homeostasis, which established the principal role of O-
GlcNAcylation in hypoxic acclimation-initiated antioxidative and
cardioprotective effects (Fig. 1) [72]. In addition, it has been
concluded that receptor-interacting protein kinase 1 (RIPK1)/
receptor-interacting protein kinase 3 (RIPK3)/mixed lineage kinase
domain-like (MLKL) complex holds prime roles in necrosis [73].
However, the higher O-GlcNAcylation of RIPK3 induced by
sevoflurane may inhibit its cross-linking with MLKL, which
restricted the RIPK3/MLKL-mediated necroptosis and protected
myocardial I/R injury, emphasizing the role of O-GlcNAcylation
against I/R injury (Fig. 1) [74]. Nowadays, glucose-insulin-
potassium (GIK) therapy is a common treatment strategy for I/R
injury, and it is speculated that GIK-induced O-GIcNAcylation is
one potential mechanism elucidating this cardiac protective
benefit [75, 76]. Normally, insulin plays a beneficial role by
promoting Akt phosphorylation and inducing Akt-mediated cell
pro-survival signaling pathways [77]. Yet in obese people who had
much hyper O-GlcNAcylation, the hyper O-GlcNAcylation of Akt
competitively inhibited insulin-induced Akt phosphorylation, and
the impaired Akt activation, in turn, attenuated cell proliferation
and insulin’s cardio-protection against I/R injury, which helped to
reveal the reduced efficacy of GIK therapy in obese people (Fig. 1)
[78]. The existing concept indicates a contradictory role of protein
O-GlcNAcylation that the moderately increased O-GIcNAcylation
can prevent I/R-heart injury, but the hyper O-GlcNAcylation would
mitigate the beneficial effect of GIK.

Pulmonary artery hypertension (PAH)

More intriguingly, protein O-GlcNAcylation has been reported to
participate in the progression of PAH, which maintains diverse
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effects including promoting cell proliferation, angiogenesis,
aggravating right ventricular dysfunction (RVD), and inhibiting
nitric oxide (NO) biosynthesis. In the case of idiopathic
pulmonary artery hypertension (IPAH), energy metabolism
supply shifting from fatty acids to glucose is a representative
nature for highly proliferative IPAH cells, and the excessive
demand for intracellular glucose subsequently upregulates the
HBP flow and protein O-GlcNAcylation level [79]. Specifically, the
activated OGT/O-GIcNAc axis was reported to drive IPAH
pulmonary artery smooth muscle cell (PASMC) proliferation
and deteriorate IPAH, through hydrolytic activation of the cell
cycle regulator, host cell factor-1 (HCF-1) (Fig. 1) [80]. In
mammalian cells, the normal cell mitosis will also be destroyed
if disturbing the HCF-1 expression due to the essential role of
HCF-1 in enhancing cell proliferation and cell cycle regulation
[81]. Furthermore, the association of O-GlcNAcylation with
neovascularization has also been reported in IPAH via stimulat-
ing transcription factor specificity protein 1 (Sp1)-mediated VEGF
expression and angiogenesis [82]. O-GlcNAcylation was affirmed
to increase the stability of Sp1, which further promoted the
expression of VEGF and its ligands in IPAH PAECs and enhanced
angiogenesis by changing vascular sprouting (Fig. 1) [83]. In
addition, RVD is a progressive clinical pathological phenotype
and the most fatal factor in PAH, and energy metabolism
conversion is a sufficient contributor to RVD. Some interesting
studies indicate that protein O-GlcNAcylation is involved in
ventricular mitochondrial derangement and energy deficiency
[84, 85]. For example, Prisco et al. found that excessive O-
GIcNAcylation levels of mitochondrial proteins accelerated
metabolic derangements and led to PAH-RVD, which can be
counteracted by decreasing protein O-GlcNAcylation [86]. Their
subsequent research confirmed that, in PAH, the hyper O-
GIcNAcylation production induced through activating with no
lysine kinase 1 (WNK?1)/Akt signal transduction was linked to the
mitochondrial metabolism disorder. Correspondingly, inhibiting
WNK1 corrected mitochondrial dysfunction and enhanced PAH
right ventricular contraction and diastolic function accompanied
with intracellular O-GIcNAcylation reduction [87]. It is equally
important that, the content of NO, a cardinal pulmonary vessel
diastolic agent, is considerably lower in PAH patients, which
partially leads to increased pulmonary vascular resistance [88-
91]. Prior studies have supported a link between elevated O-
GIcNAc modification and endothelial nitric oxide synthase
(eNOS) which is responsible for NO synthesis [92, 93]. Aulak
et al. further confirmed that, during PAH, the heightened flux of
eNOS Ser-615 O-GlcNAcylation emulously inhibited eNOS Ser-
1177 phosphorylation and thus suppressing eNOS activity, and
the eNOS O-GIcNAcylation also hindered the dimerization of
eNOS with lower stability, all of which down-regulated the
generation of NO (Fig. 1) [94]. Identifying the O-GIcNAcylation
sites and related signaling pathways in PAH warrants our further
studies with the hope to find and develop new drugs.

POSSIBLE MECHANISMS

Investigations over the past years have discovered changes of HBP
flux and protein O-GIcNAcylation concentration in CVD conditions,
highlighting a pivotal role of protein O-GIcNAcylation in regulating
cardiovascular events. In fact, these O-GlcNAcylated proteins, such
as transcription factors, receptors, protein kinases, and other
functional proteins, are engaged in diverse life activities, including
gene transcription, signal transduction, cell cycle, and energy
metabolism (Table 1). Therefore, extrapolating that protein O-
GlcNAcylation participates in CVD via changing distinct signaling
responses is rational. The potential mechanisms include, but are
not limited to, variable electricity signaling cascades, energy
metabolism, cell cycle, stress response, and vascular function,
which are summarized below.
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Table 1. List of selected O-GlcNAcylated proteins and their

function types.

Protein name Classification Disease type Ref.
PGC-1a Coactivator Hypertrophy [51]
mTOR Kinase Hypertrophy, HF [53]
ULK1 Kinase HF [56]
PKAC Kinase Hypertrophy [57]
GSK-3p Kinase Hypertrophy [59]
p53 Transcription factor Diabetic CMD [60]
SNAP29 Autophagy related Diabetic [65]

protein myocardial injury
BT1AR Receptor Diabetic hypertrophy  [66]
PI3K Kinase Diabetic [67]
cardiomyopathy

HDAC4 Transcription factor HF [69]
G6PDH Dehydrogenase I/R injury [72]
RIPK3 Kinase I/R injury [74]
Akt Kinase I/R injury [78]
HCF-1 Cytokine IPAH [80]
Sp1 Transcription factor IPAH [83]
eNOS Synthetase IPAH [94]

Cardiac electromyographic signal

The cardiomyocyte bioelectrical signal is implicated in diverse
steps in cardiac movement, assuring the achievement of cardiac
contractile and diastolic movements in a regular manner. Protein
O-GIcNAcylation was documented to change ion channels
performance as well as the cardiomyocyte potentials, thus
transforming depolarization or repolarization tendency and
ultimately causing abnormal cardiac contractility and diastolic
function. The effect of protein O-GlcNAcylation on Ca®" channels
is much more prominent. It was confirmed that OGT knockout-
induced O-GIcNAcylation reduction directly diminished cardio-
myocyte L-type Ca®" channel activity and the intracellular Ca®*
leak and cell contractility [95]. In addition, another test by Hegyi
et al. proved that diabetic hyperglycemia-induced CaMKII5-5280
O-GlcNAcylation augmented inward rectifier K™ current amplitude
and transient outward K* current recovery [96]. Interestingly, it is
well-known that altered K™ current is responsible for the cardiac
repolarization insult and this is a common pathogenic insight for
cardiovascular events [97, 98]. Consequently, these results imply
the fundamental role of different bioelectrical signals on CVD
physiology in response to dynamic protein O-GIcNAcylation
cycling.

Energy metabolism

Accumulating data show that protein O-GIcNAcylation is asso-
ciated with cardiac metabolic derangement. A few glucose
metabolic-related enzymes and fatty acid oxidation-related
enzymes can directly undergo O-GIcNAc modification, for example
G6PDH [72, 99]. In addition, as a nutrient sensor, HBP flux can
swiftly capture fluctuations from energy turnover and nutrient
content, and normal work of HBP subjects to ample substrates
supplement, such as acetyl-CoA, glucose, glutamine, and UTP, all
of which are requisites for synthetizing UDP-GIcNAc [11].
Accordingly, this conduces to lay a foundation for the proposal
of a relationship between protein O-GlcNAcylation and cardiac
energy metabolism. Most remarkably, the mitochondrion is the
major workplace responsible for energy production and metabolic
conversion, therefore, it is reasonable to link O-GlcNAcylation with
mitochondrion and cardiac energy metabolism. Prisco et al.
revealed that mitochondrial proteins can be O-GlcNAcylated,
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which may induce mitochondrial dysfunction in PAH-RVD [86].
Further findings illustrated the direct effect of O-GlcNAcylation on
mitochondrion function, in murine embryonic fibroblasts, that
genetic deletion induced global hyper-O-GIcNAcylation irritated
mitochondrial fission and decreased the activity of electron
transport chain complexes, partly via activating dynamin-related
protein 1 (Drp1) signal [100]. Drp1 belongs to dynamics proteins
mediating mitochondrial fission and the O-GIcNAc modification of
which potently heightens its fission activity, which further
confirms the inseparable relationship between protein O-GIcNA-
cylation and metabolism dysfunction [100]. In conclusion, these
studies stably demonstrate the cardial effect of protein O-
GlcNAcylation on mitochondrion and cardiac energy metabolism.

Cell cycle and vascular function
Current studies have confirmed that elevated O-GlcNAcylation
and O-GIcNAcylated vascular proteins are involved in the
modulation of vascular reactivity dysfunction. For example, in
VSMCs, ET-1, an important peptide that mediates vasoconstriction,
can augment the proportion of O-GlcNAcylated vascular proteins
[101]. ET-1-induced O-GIcNAcylation was proved to enhance the
activity of RhoA/Rho-kinase pathway plus the expression of RhoA/
Rho-kinase-related proteins, which increased the thoracic aortic
vasoconstriction reactivity [101]. Another finding forcefully sup-
ported the links between protein O-GlcNAcylation and vascular
reactivity, during chronic IH-induced vascular dysfunction, the
chronic increases in vascular protein O-GIcNAcylation promoted
the contractility impairment of rat aortic and mesenteric artery
segments, via increasing mitogen-activated protein kinase (MAPK)
P38 phosphorylation [102]. Whereas, the same study also
demonstrated that sharp increases in protein O-GlcNAcylation
concentration showed vascular protection role versus acute IH
insults [102]. Evidently, these studies demonstrate the hetero-
geneous effects of O-GIcNAcylation on blood vessel reactivity,
which may be determined by disease settings or research models.
Additionally, Cui et al. proved that in mice and human umbilical
vein ECs, cholinergic drugs, pyridostigmine and acetylcholine
(ACh), inhibited high glucose-induced O-GlcNAcylation and
apoptosis and improved endothelial dysfunction, by activating
AChR-AMPK signaling [103]. Moreover, many other HBP cycling
enzymes were reported to have correlations with VSMCs and
vascular homeostasis. OGT was found to activate the expression of
angiopoietin-1 in cardiomyocytes, which in turn drove myocar-
dium cell growth and coronary arterial development [104].
Meanwhile, losing OGT down-regulated angiopoietin-1, which
disrupted cardiac remodeling and promoted early postnatal death
[104]. Notably, as one substrate of AMPK, GFAT1 itself can be
phosphorylated via AMPK and its activity was inhibited. Zibrova
et al. further confirmed that the low activated GFAT1 inhibited
HBP flux and decreased the production of O-GlcNAcylation, which
finally generated the promotion effect of VEGF-induced angio-
genesis on primary human ECs, yet the reaction mechanism was
not clear [105]. These data highlight the vital function of O-
GlcNAcylation in affecting different cells and the vascular system
and they are regulated through diverse signaling transduction,
importantly, future systematic and comprehensive studies are still
needed to determine whether it can be positioned as therapeutic
targets.

ER stress/unfolded protein reaction

Usually, unfolded proteins are transported from the cytoplasm
into ER lumen followed by suitable folding and the formation
of correct protein spatial structure. ER homeostasis may be
perturbed by both cellular stress and pathological stimuli, which is
detrimental to protein folding function and results in the
accumulation of unfolded and misfolded proteins in ER lumen,
and that is widely known as ER stress [106]. Unfolded protein
reaction (UPR), upon ER stress, emerges and initiates many other
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signal transduction responses to restore ER homeostasis, espe-
cially three representative UPR branches containing inositol-
requiring enzyme-1 (IRE1), protein kinase RNA-like ER kinase
(PERK) and activating transcription factor 6 (ATF6) [106]. Interest-
ingly, the activated IRE1 could act as endonuclease and
subsequently cleaves 26 bases from the encoding region of
X-box binding protein-1 (Xbp1) mRNA to form Xbp1, a highly
active transcription factor [107]. This IRE1/Xbp1 branch has been
corroborated to have a close correlation with HBP in the
cardiovascular system. For example, when Xbp1 was activated
by UPR in the I/R injury model, Xbp1 can further facilitate the
transcription ability of GFAT1 promoter and upregulate the HBP/
O-GlcNAc axis, and the UPR-Xbp1-O-GlcNAc exhibited a protective
role of heart against I/R injury [16]. Beyond the cardiovascular
system, IRE1/Xbp1/0-GIcNAc axis was also demonstrated to
ameliorate the ischemic stroke outcome [108]. Moreover, what is
becoming increasingly evident is that ER stress-induced UPR
promotes cell survival in the short term, but prolonged UPR
activation expedites cell death [109]. One research was congruent
with this point that, the speed of O-GIcNAcylation upregulation
was acute and fast in ischemia/hypoxia, which prevented ER
stress-induced cardiomyocyte death via reducing ER stress-
induced UPR activation. It revealed that O-GlcNAcylation may
affect cardiovascular events via ER stress-induced UPR. Contrary to
the above statements, in neuronal cells, Van der Harg et al. stated
that UPR activation could decrease protein O-GlcNAcylation and
inhibit mitochondrial respiration via stimulating the IRE1 pathway
[110]. Taken together, combined with the previous discussion, all
these findings interpret that ER stress/UPR plays a regulatory role
in HBP/O-GIcNAcylation balance and they are interrelated and
interacted with each other, although to date, the exact mechan-
ism is confused. Nevertheless, these studies may provide an
illuminating perspective into new pathogenic mechanisms for the
occurrence of CVD.

The crosstalk between O-GlcNAcylation and phosphorylation

As the O-GIcNAc moiety can be attached to protein Ser or Thr
sites, two identified phosphorylation locations, it is possible that
protein O-GlcNAcylation can regulate cardiac function via chan-
ging phosphorylation-related pathways. It is widely accepted that
the connection between protein O-GlcNAcylation and phosphor-
ylation is not simply competitive but also reciprocal. Firstly, O-
GlcNAcylation is akin to phosphorylation such as the coincident
modification sites mainly in protein Ser or Thr residues. Next, both
of them can be precisely regulated by different enzymes, e.g.,
OGT, OGA, phosphatases and kinases, but the number of
phosphatases and kinases involved in the process of
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phosphorylation is much larger than OGT and OGA used for O-
GlcNAcylation regulation. According to the available evidence,
there are mainly three modes of interactions between protein O-
GlcNAcylation and protein phosphorylation on substrates [111].
Firstly, O-GIcNAc and phosphate can competently and alternately
occupy the same protein Ser or Thr site, which means there is
only one O-GlcNAcylation or phosphorylation modification in a
specific amino acid site (Fig. 3a). Secondly, different protein
positions can be competently and alternately modified via O-
GlcNAc or phosphate proximally, adjacently or distantly (Fig. 3b).
Thirdly, protein O-GIcNAcylation and phosphorylation can
coexist at different sites of protein substrate (Fig. 3¢) [111]. But
certain given sites can be modified either by O-GIcNAc or
phosphate at one site alone, or both modifications occur at
different sites simultaneously. In addition, each modification can
directly regulate the activity of the other modification’s cycling
enzymes. That is to say, OGT and OGA can be phosphorylated
and kinases are able to bear O-GlcNAcylation as well, which is
sufficient to transform their efficacy and localization and
substrate selection in an opposite or concerted pattern. One
canonical example has corroborated that AMPK reduces the
production of O-GlcNAcylation through phosphorylation-
induced inhibition of GFAT [112]. Hence, intersections between
O-GlcNAcylation and phosphorylation are complicated and
diverse, although we have conquered a lot about sites of the
two modifications, the clearer and more precise mechanisms
targeting the crosstalk are still needed.

PERSPECTIVE IN CLINICAL PRACTICE

At present, a multitude of reports with regard to molecules, cell
culture and animal models have elucidated a tight relationship
between protein O-GIcNAcylation and CVD. However, in the
context of different diseases or even in the same disease, the O-
GlcNAcylation-induced effects have obvious heterogeneities.
Remarkably, one pivotal question that whether O-GIcNAcylation
is a protective or destructive factor in the occurrence and
development of cardiovascular events is inconclusive and
controversial. Although the long-period exposure to O-GlcNAcyla-
tion had deleterious effects in most cases, O-GlcNAcylation was
also documented to execute protective impact. A widely
appreciated view partially shows that the acute increase of O-
GlcNAcylation performs a cardioprotective role such as in I/R
injury, while chronic and long-term growth is detrimental to the
normal heart function. As being proved both in early and
established hypertrophy, the upregulated O-GIcNAcylation level
of PKAc promoted protective cardiac compensation [113]. All
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these incompatible effects further consolidate the dynamic and
intricate feature of protein O-GIcNAcylation and the potential as a
target for the treatment of cardiovascular events, but unfortu-
nately, there are currently no reports that drugs targeting O-
GlcNAcylation for CVD treatment have been developed.

However, many drugs used in experiments effectively change
the intracellular O-GIcNAcylation abundance mostly through
increasing or inhibiting the activity of enzymes like OGT, OGA,
GFAT or altering the nutrient flux, which has the accessibility to be
turned into drugs. Here are common used experimental agents,
including OGT inhibitors such as Alloxan, GFAT inhibitors such as
O-diazoacetyl-L-serine (azaserine), OGA inhibitors such as PUGNAc
(O-(2-acetamido-2-deoxy-D-glucopyranosyliden) amino-N-phenyl-
carbamate), and others such as glutamine and glucosamine [114].
These drugs have been studied in research laboratories, but not
clinically. Therefore, their clinical effectiveness and safety warrant
our further studies in treating CVD.

Otherwise, O-GIcNAcylation is also reported to have correla-
tions with NT-proBNP, a major indicator for diagnosis and
evaluation of risk stratification in HF [115]. One research
has found that proBNP itself is the O-GIcNAc modification
target, which has 9 O-GIcNAcylation sites in plasma samples of
severe HF patients [116]. Given that the 71st amino acid is
located closely to the enzymatic hydrolysis site [117, 118], so the
O-GlcNAcylation at this site can inhibit the enzymatic hydrolysis
of proBNP, which reduces the production of BNP and NT-proBNP
in peripheral circulation [119, 120]. The O-GIcNAcylation degree
is shown to be negatively correlated with the concentration of
NT-proBNP. This was backed by another research, that in
patients with acutely decompensated heart failure (ADHF), the
decreased O-GlcNAcylation of proBNP resulted in hyper NT-
proBNP [120]. The increased NT-proBNP in ADHF may be a
response to myocardial cell function damage [121-124]. Taken
together, O-GlcNAcylation is intimately associated with NT-
proBNP, and the level of O-GIcNAcylation may be an outstanding
measurement for elevating HF.

Of note, protein O-GIcNAcylation also has links with the effect of
operational treatment. One recent review summarized that
protein O-GIcNAcylation may be an important factor in inducing
coronary artery bypass graft failure in coronary heart disease
patients with T2DM, and the high O-GlcNAcylation environment in
T2DM changed the function of saphenous VSMCs and ECs, which
resulted in the reconstruction of saphenous vein and induced
graft failure [125, 126]. This shows the great prospect of protein O-
GlcNAcylation in clinical application and we have good reason to
believe that protein O-GlcNAcylation can be used to explain more
characterizations related to the cardiovascular system in the
future.

CONCLUSION

O-GIcNAcylation is a ubiquitous post-translational modification
that plays a critical role in modulating cardiovascular function. The
level of O-GlcNAcylation is demonstrated to have either positive or
negative effects. The acute increase in the level of cardiac O-
GIcNAcylation plays beneficial roles, conversely, sustained eleva-
tion of cardiac protein O-GIcNAcylation may exert adverse effects
inducing severe cardiac dysfunction. By modification of proteins
directly or at the transcription level, protein O-GIcNAcylation can
further disturb electricity signaling cascades, energy metabolism,
cell cycle, stress response and vascular function. The fast-growing
analytical tools are being carried out to extrapolate O-GlcNAcyla-
tion-induced molecular and physiological alterations of cardiovas-
cular function. Therefore, an enhanced understanding of the
mechanisms that O-GlcNAcylation exerted on all of these cardiac
signaling pathways will create novel perspectives into the role of
O-GIcNAcylation, which may facilitate the generation of therapy
approaches for cardiovascular diseases.
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