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Role of glycolysis in diabetic atherosclerosis
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bstract

Diabetes mellitus is a kind of typical metabolic disorder characterized by elevated blood
sugar levels. Atherosclerosis (AS) is one of the most common complications of diabetes.
Modern lifestyles and trends that promote overconsumption and unhealthy practices
have contributed to an increase in the annual incidence of diabetic AS worldwide,
which has created a heavy burden on society. Several studies have shown the
significant effects of glycolysis-related changes on the occurrence and development of
diabetic AS, which may serve as novel therapeutic targets for diabetic AS in the future.
Glycolysis is an important metabolic pathway that generates energy in various cells of
the blood vessel wall. In particular, it plays a vital role in the physiological and
pathological activities of the three important cells, Endothelial cells, macrophages and
vascular smooth muscle cells. There are lots of similar mechanisms underlying diabetic
and common AS, the former is more complex. In this article, we describe the role and
mechanism underlying glycolysis in diabetic AS, as well as the therapeutic targets, such
as trained immunity, microRNAs, gut microbiota, and associated drugs, with the aim to
provide some new perspectives and potentially feasible programs for the treatment of

diabetic AS in the foreseeable future.
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Core Tip: Diabetic atherosclerosis (AS) is becoming increasingly common today.
Glycolysis, as a metabolic process that plays a significant role in its occurrence and
development, has great potential to become an important therapeutic target in the
future. We herein discuss the specific mechanisms of glycolysis in the development of

diabetic AS and possible directions of therapeutic targets.

INTRODUCTION

The global incidence and prevalence of diabetes are rapidly increasing. Notably, China,
the most populous country in the world, bears the heaviest burden of diabetesl'l. A
recent study revealed that in 2021, the global population of individuals living with
diabetes was projected to reach 529 million, with an age-standardized prevalence of
6.1%. It is estimated that by 2050, 1.31 billion people will be diagnosed with diabetes
worldwidel2l. Atherosclerosis (AS) is among the most common complications of
diabetes, a well-established independent risk factor for ASBL AS is classified as a
chronic inflammatory disease associated with complex etiopathogenesis. The disease
originates from intimal lesions and is characterized by local lipid accumulation, fibrous
tissue hyperplasia, and calcareous deposition with formation of plaques that reduce
vessel elasticity and cause hardening of the vessel wallsl*l. The disorder is referred to as
AS owing to the yellowish appearance of lipids that accumulate in the arterial lining.
AS may result in stroke, heart failure, coronary heart disease, and other serious
cardiovascular complications/®l.

AS develops earlier and progresses more rapidly in patients with diabetes than in the
general populationl®l. Compared with individuals without diabetes, those with diabetes
show coronary plaques with typically larger necrotic cores and more pronounced
inflammation, characterized by abundant macrophagesl’l. The plaque load measured
using the mean area and maximum wall thickness, is significantly higher in patients
with diabetes than in those without diabetes, with a well-documented higher incidence
of vascular calcificationl®l. Diabetes-associated hyperglycemia (HG) disturbs vascular

endothelial function, triggers inflammation, and promotes the formation of advanced
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glycosylation end-products (AGE) and a series of adverse effectsl?10l. Diabetes may also
be associated with defective autophagy and d destroys the internal homeostasis of
smooth muscle cells (SMCs), leading to plaque expansion, core necrosis, and fibrous cap
thinning, all of which favor plaque instability and increase the risk of plaque rupturel!1l.
Diabetic AS causes greater blood vessel damage, thereby emerging as the leading cause
of disability and mortality in patients with diabetes globally['. Consequently, it gives
rise to a substantial socioeconomic burden on society. Further research is warranted to
gain deeper understanding of diabetic AS plaques, with the objective of exploring novel
therapeutic approaches.

Endothelial cells (ECs), vascular SMCs (VSMCs), and macrophages play key roles in
AS plaque formation, in which glycolysis is also an important contributorl3l.
Abnormalities at any stage of the glycolytic pathway may promote AS. Numerous
studies have investigated the mechanism underlying glycolysis in AS and plaque
formation and described the effects of trained immunity, microRNAs, gut microbiota
(GM), and other factors on glycolysis. Nevertheless, the comprehensive and precise
mechanism of glycolysis in diabetic AS remains incompletely understood. The current
findings prtﬁide novel concepts and potential strategies for targeted therapy of AS in
the future. In this review, we summarize and discuss the role of glycolysis in the

promotion, inhibition, and treatment of diabetic AS.

ROLE OF GLYCOLYSIS IN THE DEVELOPMENT OF DIABETIC AS

Glucose is the primary energy source for most body cells, serving as an essential
substrate for various physiological and pathological activities. Glycolysis includes a
series of biochemical reactions involved in the degradation of glucose by glycolytic
enzymes, with the ultimate goal to produce pyruvate and adenosine triphosphate
(ATP)IM4I. Glycolysis is a common pathway in glucose metabolism that, under anaerobic
conditions, culminates in the production of lactic acid, which subsequently enters the
tricarboxylic acid cycle for oxidative phosphorylation when oxygen is available.

However, these processes may differ under specific conditions. In the 1920s, the
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German scientist, Warburg, discovered significantly higher glycolytic activity in cancer
cells than in normal cells['5l. Compared with the large amount of energy produced by
mitochondrial oxidative phosphorylation, glycolysis generates limited amounts of
energy. However, in contrast to normal cells, cancer cells rely on glycolysis for energy
even under aerobic conditions, a phenomenon referred to as the Warburg effectl!¢l.
Currently, a growing body of evidence suggests that aerobic glycolysis is not unique to

tumor cells, and this phenomenon also significantly affects cells associated with ASI17/18],

ECs

The process of AS plaque formation commences with EC injury. Although ECs are in
close proximity to oxygenated blood and receive abundant oxygen compared with
other cells, they primarily rely on glycolysis for energyl®®l. Under physiological
conditions, glycolysis provides 85% of the ATP required by the entire EC uniti2’l. ECs
depend on glycolysis for energy production based on the following features: (1) The
mitochondrial content in ECs is too low to provide sufficient ATP through oxidative
phosphorylationi??l; and (2) glycolysis is the source of energy for survival and
maintenance of the cell itself because the ATP production rate during glycolysis is much
higher than that during oxidative phosphorylation2!l. HG is an important sign of
diabetes!?2. Glucose is transported into ECs via the glucose transporter 1 (GLUT-1), a
receptor whose activity is regulated by extracellular glucose concentration independent
of insulin?324. ECs in patients with diabetes are therefore more vulnerable. An intact
vascular barrier composed of quiescent ECs is essential to maintain wvascular
homeostasis?%], which is a favorable factor against AS. However, in the of diabetes, HG
can trigger overproduction of reactive oxygen species (ROS) in ECs, which disrupts the
normal physiological statel?l. An increasing body of evidence shows that
cardiovascular complications in diabetes mellitus occur secondary to an increase in
nitrosative stress. Oxidative and nitrosative stress can lead to DNA injury, subsequently
triggering the activation of the ribozyme, and poly polymerase 1 (PARP-1), and thus

mediate the onset and progression of diabetic cardiovascular complications(?”l. This
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ribozyme is a key enzyme involved in glycolysis in the nuclei of DNA-injured ECsl?8l.
PARP-1 not only slows glycolytic efficiency by facilitating NAD* consumption but also
promotes adenosine diphosphate (ADP) ribosylation of proteins. However,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity decreases after ADP
ribosylation. Therefore, GAPDH entry into the nucleus to form a complex with nuclear
proteins (ADP ribosylation) inhibits glycolysis. Glycolytic intermediates are also
transferred to other pathways (including the hexosamine and polyol pathways). These
changes lead to endothelial dysfunction in individuals with diabetes and worsens AS?*-
31l Additionally, non-enzymatic glycosylation of proteins or lipids in patients with
diabetes leads to the production of AGE, which bind to the receptor for AGE (RAGE) on
ECs and produce inflammation and dysfunction of ECsl3234, Human umbilical vein ECs
(HUVECs) treated with AGE reportedly showed a decrease in glycolysis, which leads to
the conclusion that AGE inhibit the migration and proliferation of ECsl*l. Moreover,
HG-induced ROS was shown to increase the expression of RAGE and its pro-
inflammatory endogenous ligandsPél. Additionally, enhanced endothelial superoxide
production in patients with diabetes results in increased AGE accumulation/¥], These
processes collectively lead to a vicious cycle of endothelial dysfunction. In summary,
the hyperglycemic environment itself in people with diabetes, as well as the
accompanying oxidative stress, AGEs and other adverse factors interfere with
glycolysis, leading to ECs dysfunction. These changes eventually disrupt vascular
homeostasis, which leads to AS in people with diabetes. Therefore, a series of internal
environmental changes caused by diabetes-related HG may play an important role in
diabetic AS by influencing glycolysis, which deserves further study.

However, every situation has dual implications. Inhibit glycolysis disrupt the normal
physiological state of ECs, thus destroying vascular homeostasis. Nonetheless, in
patients with diabetic AS, glycolysis inhibition could potentially reduce angiogenesis
within atherosclerotic plaques and stabilize them to a certain extent. Energy metabolism
of ECs, which is intricately associated with their germination, migration, and

proliferation, is an important prerequisite for angiogenesisP8l. In patients with diabetes,
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HG can significantly alter EC metabolism, resulting in higher risk of pathological
neovascularization in these cells than that in healthy cells under normal conditions/39l.
Plaque rupture is a primary contributor to acute cardiovascular events. Many studies
have shown that plaque angiogenesis promotes AS progression, particularly plaque
instabilityl#]. Restricted oxygen diffusion coupled with activation of inflammatory
mediators leads to plaque hypoxia, which eventually accelerates neovascularization*!l,
Newly formed vessels are fragile and highly vulnerable to bleeding or leakage,
resulting in increased plaque instability and rupturel®?l. Excessive or abnormal
neovascularization in plaques significantly increases capillary permeability and tissue
edema. This, in turns results ig a likelihood of bleeding or rupture of diabetic AS
plaques®®l. In glycolysis, 6-phosphofructokinase-2/fructose-2,6-bisphosphatase 3
(PFKFB3) is a key activator that provides active ATP and essential biosynthetic
products for angiogenesisi*]. Based on these findings, previous studies have shown that
the knockdgwn of PEKFB3-related genes in ECs can lead to defective angiogenesis, and
the use of 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO, a PFKFB3 inhibitor) can
reduce vascular germination via inhibiting EC proliferation and migration3l. Notably,
3PO does not affect the glycolysis necessary for normal EC to maintain homeostasis but
only reduces excess glycolysis required for EC germination!*l. Nonetheless, research
has shown that 3PO can reduce T cell activation in vitro, which may adversely affect the
body's immune suppressive functionl#’l. A recent study reported that partial inhibition
of glycolysis prevented plaque angiogenesis without a particularly significant effect on
the size, composition, and vulnerability of pre-existing plaques, although it reduced the
frequency of plaque formation. The study also reported that 3PO-induced metabolic
stress could stimulate autophagosome formation and promote autophagy in ECsl*Sl.
Aging of ECs can lead to loss of function and transition to a pro-inflammatory state,
which stimulates transformation of mononuclear macrophages into a pro-inflammatory
phenotypel#l. The simultaneous increase in the expression of adhesion molecules in
aging ECs accelerates macrophage migration and activation in plaques®l. The

aforementioned factors act synergistically to promote AS plaque progression. The
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previously described autophagic response can effectively inhibit EC senescence and
apoptosis, thereby limiting plaque formation and development. Additionally, another
study has shown that PFKFB-3 not only promotes glycolysis, but also directly
participates in glycolytic-dependent DNA repair of diabetic ECs under oxidative stress
damage, which may play a certain role in vascular protection of diabetesl>!l. Therefore,
the use of the glycolytic inhibitor 3PO may disrupt this protective effect, making the
application of glycolytic inhibitors uncertain. In conclusion, although a substantial body
of evidence suggests that targeting glycolysis inhibition can effectively improve plaque
stability in patients with diabetic AS and prevent plaque rupture and bleeding by
limiting EC metabolism and preventing plaque neovascularization, the safety and

efficacy of this approach require further elucidation and warrant a further research.

Macrophages

Macrophage polarization is a typical phenomenon associated with ASP2. M1 and M2
constitute the common macrophage phenotypes. M1 macrophages show a pro-
inflammatory phenotype and play a major role in unstable plaquesl®®, they are more
commonly observed in the shoulder area of unstable and vulnerable-to-rupture
plaques(>l. M2 macrophages show an anti-inflammatory phenotype and are more
commonly expressed in stable plaquesl®®l. In contrast, M2 cells play a key role in the
occurrence and progression of AS and maintain the stability of AS plaques. Notably, 15-
lipoxygenase expressed by M2 macrophages is closely associated with the formation of
foam cells and actively promotes AS plaque formation and progression.
Simultaneously, M2 macrophages secrete various anti-inflammatory factors, such as
transforming growth factor-f, which protects against ASP¢l. Usually, the ratio of M1 to
M2 cells plays an important role in AS plaque progressionl’l. Diabetes-induced HG can
enhance glucose metabolism and inflammatory response in macrophagesl58l. ROS
produced by macrophages under oxidative stress conditions can injure mitochondrial
DNA, leading to mitochondrial dysfunction and inhibiting oxidative phosphorylation.

Simultaneously, ROS induces sustained expression of hypoxia-inducible factor 1a (HIF-
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1a), consequently promoting glycolysisl®)l. The combination of the aforementioned
factors eventually stimulates M1 and suppresses M2 activationl®0], which favors plaque
instability. Moreover, local intraplaque hypoxia can trigger a similar response via the
HIF-1a pathwayl¢ll. These changes in macrophage energy metabolism interfere with
stable lipid metabolism and significantly increase the intracellular lipid contentl®2],
which promotes transformation of macrophages into foam cells that participate in AS
plaque formation. The production of large amounts of AGE is a typical feature of
patients with diabetes. HIF-1a is up-regulated in AGE-bovine serum albumin (BAS)-
induced M1 polarization, and HIF-la knockdown reduces AGE-BAS-induced M1
polarization via regulation of pyruvate dehydrogenase kinase 41%]. This study further
highlighted the association between glucose energy metabolism in macrophages and
diabetes-related inflammation. A recent study comparing macrophages in diabetic and
non-diabetic mice found that glucose uptake and glycolysis were not increased but
rather decreased in the former groupl®l. Although it is premature to conclude whether
these results were coincidental or influenced by some interfering factors, this finding
challenges the notion that diabetes-induced HG directly promotes glucose metabolism
in macrophages. Recently, other researchers have suggested that HG is not the only, or
even the most important, factor in diabetes-related cardiovascular diseasel®]. Diabetes is
an extremely complex background, so the conditions to prove this point are very
demanding. However, we still believe that this finding is worthy of further verification,
which has important significance for us to understand the specific mechanism of
glycolysis in diabetic AS and explore related treatment methods. Nevertheless, changes
in glycolysiﬁigniﬁcantly affect macrophage energy metabolism and polarization in
diabetic AS and therefore plays a crucial role in the development of diabetic AS and

plaque stabilization.

Vascular SMCs
Proliferation and subintimal migration of VSMCs is a key event in AS formation/®6l.

VSMCs, which are viewed as plaque stabilizers, proliferate and migrate to plaque
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fibrous caps and produce collagen and extracellular matrix, which contribute to plaque
stabilityl67.68]. Enhanced glycolysis in VSMCs is important for platelet-derived growth
factor-induced VSMC proliferation and migration, which is an important contributor to
ASI®?70] In the context of diabetes, VSMC proliferation secondary to oxidative injury is a
primary process that accelerates AS progression!”l. Intracellular transportation of low-
density lipoprotein (LDL), followed by subintimal oxidation, results in the formation of
oxidized LDL (ox-LDL)72. Ox-LDL significantly influences VSMC proliferation and
migration and, through this effect, contributes to plaque vulnerability and AS
progressionl”374l. Pyruvate kinase subtype M2 (PKM2) is a key rate-limiting enzyme
involved in glycolysis. Ox-LDL up-regulates PKM2-dependent glycolysis to trigger
VSMC proliferation and migration and eventually promotes ASl. Additionally, AS
vascular remodeling is accompanied by a shift in the VSMC phenotype from a
contractile phenotype under normal physiological conditions to a synthetic proliferative
phenotype under pathological conditions!”¢l. Furthermore, inflammatory stimulation in
a diabetic environment with high glucose levels may also promote such phenotypic
transformation of VSMCsl7l. A significant percentage of enzymes involved in glycolysis
are crotonylated and ubiquitinated. Some researchers have suggested that the crosstalk
between crotonylation and ubiquitination in glycolysis may be a potential mechanism
underlying the phenotypic remodeling of VSMCs!?l. The results of a study on SMC-
specific PKM2-deficient mouse model support the hypothesis that SMC-derived PKM2
promotes injury-induced neointimal hyperplasia via enhanced phenotypic conversion,
proliferation, and migration from a genetic perspectivel”l. However, the specific role of
glycolysis-induced metabolic mechanisms in phenotypic switching of VSMCs remains
unclear and requires further investigation. Nonetheless, glycolysis significantly affects

VSMC participation in diabetic AS development.

TRAINED IMMUNITY, GLYCOLYSIS, AND AS

Earlier researchers held the belief that only adaptive immunity can establish immune

memory. However, following extensive experimental studies have contradicted this
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perspectivel®l. Innate immune cells produce immune memory following antigenic
stimulation and tend to respond more strongly to reinfection in a nonspecific manner, a
phenomenon termed as trained immunity®l. Although the long-term activation of
trained immune system strengthens the body’s ability to fight infection, it also
negatively affects chronic inflammation(®2].

AS is a typical chronic low-grade vascular inflammatory disease; therefore, trained
immunity has a major role in this disorder. p-glucan-induced trained immunity is a
typical modell®l. In vitro studies using monocytes trained with dextran have shown
that AKt-mTOR-HIF-1a signaling pathway is the metabolic basis underlying trained
immunityl®4. Another study has also shown that the transition from oxidative
phosphorylation to a significant increase in aerobic glycolysis was the driving force for
the development of trained immunophenotypel®l. These changes in cellular metabolism
observed during the induction of trained immunity constitute metabolic
reprogramming, which can induce epigenetic remodeling and chromatin structure
changes (such as methylation or an increase in mRNA of the key enzymes involved in
glycolysis)!®l. Ultimately, these chan%'; increase transcription of inflammatory genes,
triggering the immune response (these genes encode not only cytokines and
chemokines associated with AS but also proteins associated with foam cells and plaque
vulnerability)3¢l. Another study observed that shear stress at AS sites throughout the
vasculature shows similar effects of glycolytic up-regulation of histone modifications
and signaling pathways/®], which reiterates the tight association between trained
immunity and AS. Moreover, the HG environment in patients with diabetes induces
long-term epigenetic regulation of inflammatory genes/®®l. Corresponding research
suggests that hypoglycemic therapy for patients with diabetes is likely to be affected by
these findings, potentially reducing its efficacy and subsequently, increasing the risk of
ASI®L Glycolysis provides the energy for trained immunity, serving as its dynamic
foundation. Thus, changes in glycolysis profoundly influence the role of trained

immunity on diabetic AS.
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Glycolysis forms the metabolic basis of both ECs and trained immunity, thereby
implying a plausible correlation between the two. Atherogenic factors induce trained
immunity in ECs via oxidative phosphorylation, glycolytic metabolic transformation,
epigenetic modification of pro-inflammatory genes, and activation of the Akt-mTOR-
HIF-1a signaling pathwayl(®l. Ox-LDL, a lipid that promotes AS, drives the production
of innate immune cells and trained immune phenotypes in ECsl”!l. Reportedly, training
monocytes with this substance can also induce trained immunity, accompanied by a
significant increase in glycolysisl’2. Additionally, trained immune phenotype is
reversed after treatment with mammalian target of rapamycin (mTOR) inhibitors,
glycolytic inhibitor 3, or the HIF-1a inhibitor following Ox-LDL exposurel®3. Therefore,
it is conceivable to speculate that the reversal of trained immunity using glycolysis
inhibitors or genes involved in glycolysis knockout may be a potential therapeutic
option for AS.

To summarize, the relationship between trained immunity and glycolysis provides a
new perspective on the treatment of diabetic AS. However, most current studies on
trained immunity have been performed in vitro or in animal experimental models.
Available and clinical data are insufficient to establish definitive conclusions/8l.
Therefore, the clinical efficacy of these methods remains a potential research topic

requiring further investigation.

ICRORNA, GLYCOLYSIS, AND AS

MicroRNAs (miRNAs) are a class of non-coding single-stranded RNA encoded by
endogenous genes, approximately 22 nucleotides in length!*l. Their rolﬁas regulators of
gene expression has long been of interest to researchers. An increasing number of recent
studies have highlighted the role of miRNAs in AS and its progression. The NF-
KB/miRNA-425-5P/MCT4 signaling axis can down-regulate the expression of
monocarboxylate transporters (MCT4) within HUVECs derived from patients with
diabetes, as well as HUVECs subjected to high glucose levels and interleukin (IL)-1p.

This process leads to impaired lactate transport, thereby inducing EC dysfunction and
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even apoptosis®®l. The study discussed the mechanism underlying endothelial vascular
injury in diabetes mellitus from a new perspective of glycolysis and lactate transport
disorders. Therefore, inhibition of miRNA-425-5P expression and improvement in ECs
may be a potential strategy for diabetic AS treatment. Another study on HUVECs
showed that miR-143 inhibited glycolysis by directly targeting hexokinase 2 (HK2),
leading to endothelial dysfunction and an increased risk of ASI%l. Therefore, down-
regulation of the miR-143 Level to restore HK2 expression and restoration of the
balance of glycolysis in EC are necessary for the prevention and treatment of AS
plaques. miR-638 can inhibit proliferation, migration, and glycolysis of VSMCs by
targeting lactate dehydrogenase A (LDHA)P7L. It is plausible to speculate that miR-638
can effectively inhibit the development and progression of AS plaques by targeting
LDHA and inhibiting glycolysis in VSMCs. Ml-type macrophages use aerobic
glycolysis to rapidly generate energy!®l. miR-33 regulates the inflammatory phenotypic
polarization program of macrophages via alteration of the balance between cellular fatty
acid oxidation and glycolysis, which affects AS plaque progression. Anti-miR-33 was
also found to exert a protective effect against ASI?], suggesting the potential value of
therapeutically silencing miR-33 in the context of AS. Through the regulation of gene
expression, such as down-regulating the amount of certain glycolytic enzymes or
inhibiting their activity, miRNA significantly affects glycolysis, playing a non-negligible
role in the occurrence and development of diabetic AS. Thus, targeting miRNA to

regulate glycolysis, may potentially be an important therapeutic approach for treating

diabetic AS.

GM AND AS

GM refers to the diverse microorganisms, including bacteria and fungi that colonize the
gastrointestinal tract of humans and other animals including insects. Microbiota
participate in the synthesis of various bioactive substances, which play key roles in
human health and diseases/10101], GM-derived metabolites transmit signals for effective

communication between the host and microbiota and are indispensable mediators in
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several important reactions!2l. Several metabolic diseases including diabetes are
attributable to a dysfunctional gut microbiomell%l. Bacterial DNA is shared between the
gut and AS plaques!®l. With regard to the microbial composition of unstable and stable
plaques, the feces of patients with unstable plaques show a decrease in the Roseburiam
species!!%5l. AS plaque and its stability may be closely associated with the human GM.
Additionally, transplantation of GM affects the host's susceptibility to AS[%l In
conclusion, various phenomena suggest that GM and its metabolites are intricately and
clogely associated with diabetic AS.

Trimethylamine-N-oxide (TMAO) is mainly derived from the metabolism of
methylamine-rich nutrients by the GM. TMA, produced and processed in the liver in

e presence of flavin monooxygenase, results in the generation of TMAOI7].
Experimental and clinical studies have reported the role of TMAO in the etiology of
diabetes!’8], and TMAO has also gained increasing attention as a contributor to AS.
High blood TMAO concentrations can promote cholesterol transport in macrophages
for the formation of foam cells, eventually causing AS[1%l. The amount of Bacteroides in
the human intestine was positively correlated with plasma TMA concentrations/110],

Metagenomic analysis of the GM has revealed that the percentage of Bacteroidetes
was significantly higher in patients with symptomatic AS than in controls(''!l. Notably,
plaques in patients with high levels of TMAO tend to show thinner fibrous caps and a
greater number of microvesselsl'12l. The association between elevated TMAO plasma
levels and unstable AS plaques is readily evident. This notion has been supported by an
animal studyl'3], and further research underscores that high TMAQO plasma levels can
increase pro-inflammatory gene expression, consequently leading to a marked increase
in inflammatory cytokines levels, adhesion molecules, and chemokines!'l. In summary,
TMAO produces adverse effects in AS. The NLP3 is a multiprotein complex formed by
pattern recognition receptor activation['®l. Studies performed using carotid ECs in mice
with partially ligated carotid arteries have reported TMAO-induced NLP3
inflammasome activation, which increased IL-1B levels, caspase-1 activity, and cell

permeability, subsequently leading to EC injury in AS[®l Among these, caspase-1
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activation was shown to play a vital role in mitochondrial injury and proteolytic
cleavage of glycolytic enzymes(!’7l. Some studies have also shown that glycolytic
changes are closely associated with NLRP3 activation!8l. Therefore, we hypothesize
that intervening in glycolysis may, to some extent, counteract the adverse effects of
TMAQO in diabetic AS.

Butyrate, a short-chain fatty acid (SCFA), is another product of the GMI'"] that plays
a key role in the regulation of cellular energy metabolism, particularly glycolysis. For
example, butyrate can cross-link with T cell receptors to switch cells from mitochondrial
respiration to glycolysis during T cell activation12; butyrate can inhibit glucose
transport and glycolysis by reducing GLUT1 and cytoplasmic glucose-6-phosphate
dehydrogenase abundance regulated by GPR109A-AKT signaling in colorectal cancer
cellsl2ll. Patients with diabetes have lower levels of butyrate-producing bacteria than
those without diabetes/'?2, Some researchers argue that the effects of butyrate-
producing bacteria on AS are attributed to the metabolic effect of butyrate in the
intestines. They showed that gut-associated butyrate-producing bacteria interact with
dietary plant polysaccharides and affect gene expression of distal intestinal cells with a
switch from glycolytic metabolism toward fatty acid utilization, which consequently
reduces systemic inflammation and improves ASI'?l. In addition, studies have shown
that the use of live B. vulgatus and B. dorei can also help suppress the pro-
inflammatory immune response to prevent coronary AS. However, the specific
mechanism and whether glycolysis is involved have not been clarified, which also
deserves further studyl'?4. As a result, the concept of supplementing anti-
atherosclerotic bacteria for patients with diabetes hold promise as a topic worthy of
study. This approach may contribute to the treatment of diabetic AS through glycolysis
regulation.

Many studies have reported good efficacy of berberine (BBR), an isoquinoline
alkaloid extracted from herbs, including Coptis coptidis, in the treatment of metabolic
and cardiovascular diseases!!25.126l. BBR can simultaneously regulate insulin signaling,

inhibit A-glucosidase, induce glycolysis, and inhibit gluconeogenesis; therefore, it plays
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a significant role in reducing blood glucose levels in diabetes!!?123]. Following the
upsurge i&GM research, the effect of BBR on GM has attracted widespread attention.
BBR can cause changes in more than 20 genera in DB/DB mice (C57BLKS/]JNju, an
animal model of type 2 diabetes). Notably, significant alterations were observed in the
expression of seven operational taxonomic units, including increased prevalence of a
series of SCFA-producing bacterial'®l. For example, Butyricimonas promotes glycolysis
of branched-chain amino acids to produce SCFA as a source of energyl'3l. Effects of
BBR on AS are also closely associated with GM activity. A comparison between BBR-
treated and untreated mice fed the same high-fat diet showed significant differences in
the abundance of Firmicutes and Verrucobacteria; the BBR-treated mice showed
reduced expression of inflammatory factors and a lower incidence of ASI'3!. Other
studies also support the role of BBR in inhibition or destruction of some harmful
intestinal bacteria and in increasing the numbers of bacteria that reduce TMAO
concentration and AS plaque sizel!32]. In conclusion, BBR not only has a significant effect
on the treatment of diabetes through inducing glycolysis but also the capacity for the
prevention and treatment of AS by affecting the GM.

Hence, it is reasonable to conclude that glycolysis metabolism-related therapies, such
as regulating GM through probiotic supplements or fecal transplantation('*3], have a

huge potential for future treatments of diabetes AS.

DRUGS, GLYCOLYSIS, AND AS

Drugs constitute an important component of the therapeutic arsenal against diabetic
AS. Many researchers have emphasized the rapid development of drugs from the
perspective of glycolysis. Ethyl pyruvate is a stable pyruvate derivativel’®, that has
been shown to provide energy for the differentiation of regulatory T cells (Tregs) and
enhance their proliferation via the up-regulation of glycolysis, which increases the
number and function of Tregs and improves the clinical symptoms of L-type diabetes in
micel1%]. Furthermore, that aspalathin and its associated compounds can specifically

inhibit sirtuin 6 at a certain concentration, improve insulin-mediated activation of AKT,
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enhance glycolysis, and inhibit gluconeogenesis through the activation of non-repressor
protein 5 and peroxisome proliferator-activated receptor-y coactivator. Maintaining
glucose homeostasis is important in patients with type 2 diabetes mellitus!'*l. Diabetes
is the root cause of a more severe and complex symptoms of diabetic AS; therefore,
improving diabetes is fundamental to the treatment of diabetic AS.

Rapamycin, a classic glycolysis inhibitor, has pharmacological effects that can inhibit
the mTOR pathway and suppress cell glycolysis in addition to its anti-inflammatory
and antiproliferative actions; it can also effectively inhibit AS progression('3l. Polylactic
acid glycolic acid copolymers coated with rapamycin can target AS plaques in mice and
may locally deliver glycolysis inhibitors. This method has been shown to be safe in
vitrol'], Therefore, it can be concluded that nanoparticles coated with glycolytic
inhibitors on macrophage membrane coating may be useful for precise treatment
through targeted inhibition of AS. Several studies have shown that glutamine
antagonists down-regulate mTORC1 activity and attenuate the up-regulation of
glycolysis in response to growth factor stimulation and effectively control vascular
restenosis caused by excessive VSCM proliferation/3?140],  Therefore, glutamine
antagonists may be useful for the treatment of AS and AS-induced vascular occlusive
disease. Recent studies have demonstrated a positive correlation between PFKFB3
expression and unstable plaque phenotypes in human coronary and carotid arteries.
Mice in which the glycolysis inhibitor, PFK158, repressed PFKFB3 showed improved
AS plaque stability and fibrous cap thickening'¥ll. AS plaque progression is closely
associated with the influx of specific immune cells['42]; therefore, inhibiting PFKFB3 also
reduces the glycolysis flux of immune cells, effectively inhibits their metabolism and
further minimizes AS progression('*!l, Therefore, PFK158 may be important for AS
plaque stabilization and reducing the risk of AS development.

In conclusion, targeting both diabetes and AS can effectively reduce the risk of acute
cardiovascular events secondary to diabetic AS. Furthermore, this approach can also
counteract the role of a major risk factor for diabetic AS in the long term, which can

facilitate better treatment of diabetic AS.
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CONCLUSION

With the global incidence of diabetes increasing year by year, diabetic AS is a growing
threat to society. The mechanisms of diabetic AS are highly intricate, and this paper
aims to stimulate interest in the emerging field hat delves into the roles of glycolysis in
the occurrence and development of diabetic AS. Glycolysis is the metabolic basis of
main cells involved in the development of diabetic AS, including ECs, macrophages,
and VSMCs. Glycolysis plays an important role in diabetic AS by influencing the
functional status of ECs, polarization of macrophages, and proliferation, migration and
phenotypic transformation of VSMCs. Therefore, glycolysis should be considered as a
potential target for treating diabetic AS. However, it must be acknowledged that, in
comparison with the study of glycolysis in cancer treatment, the study concerning the
role of glycolysis in diabetic AS does not go that far. Nonetheless, as the significant
metabolic mechanism shared by cancer and AS cells, the role of glycolysis in cancer cells
also has a considerable reference significance AS cells. As mentioned above, butyrate
produced by intestinal flora can inhibit glycolysis in colon cancer cells, providing an
important foundation for research on the role of butyrate-producing bacteria in AS.
Therefore, in-depth exploration of GM, trained immunity, miRNA, and drugs, which
play important roles in the regulation of tumor glycolysis, is also expected to
significantly improve our research on diabetic AS glycolysis. HG is the main reason for
the abnormal function of vascular ECs and the polarization of macrophages due to the
change of energy metabolism, causing AS. However, many scholars argue that HG is
not a single factor that affects glycolysis in diabetic AS. We believe that diabetes
products such as AGEs and the inflammatory environment caused by diabetes may be
involved in this effect. However, the specific influencing mechanism requires further
research. In addition, most studies on the role of glycolysis in diabetic AS remain in
animal or cellular models at present. Thus, there is a need to bridge the gap between

results of research and their clinical applications. Nevertheless, we firmly believe that
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the that regulation of glycolysis is a potentially promising therapeutic strategy for
diabetic AS in the future.
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Figure Legends

Figure 1 Effects of glycolysis on endothelial cells in hyperglycemic environment.

AGE: Advanced glycosylation end-products; ROS: Reactive oxygen species; PARP-1:




Poly polymerase 1; ADP: Adenosine diphosphate; GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase.

Figure 2 Effects of glycolysis on macrophages in hyperglycemic environment. AGE:
Advanced glycosylation end-products; BAS: Bovine serum albumin; TGF-p:

Transforming growth factor-beta; HIF-1a: Hypoxia-inducible factor 1a.

Figure 3 Effects of glycolysis on vascular smooth muscle cells in hyperglycemic

environment. PKM: Pyruvate kinase subtype; LDL: Low-density lipoprotein.

Figure 4 A variety of factors play important roles in diabetic atherosclerosis through
glycolysis, including endothelial cells dysfunction, proliferation, migration and
phenotypic transformation of vascular smooth muscle cells, macrophage polarization,
trained immunity, microRNAs, gut microbiota, and drugs. EC: Endothelial cell; LDL:
Low-density lipoprotein; ROS: Reactive oxygen species; TMAO: Trimethylamine-N-
oxide; BBR: Berberine; miRNA: microRNA; AGP: SCFAC:




86775 _Auto Edited.docx

ORIGINALITY REPORT

S

SIMILARITY INDEX

PRIMARY SOURCES

0)
new.esp.org 39 words — 1 )0

Internet

_ . o 0
ggjfms Biology of Free Radicals and Antioxidants, 30 words — '] /0

Crossref

. , 0
cancerandmetabolism.biomedcentral.com 24 words — < ’] /0

Internet

ijie Li, Yong Yang, Ning Li, Haiyan Li et al. "Li 0
Sijie Li, Yong ang, Ning Li, Haiyan i et al. "Limb 20 words — < 1 /0
Remote Ischemic Conditioning Promotes
Neurogenesis after Cerebral Ischemia by Modulating miR-
449b/Notch1 Pathway in Mice", Biomolecules, 2022

Crossref

Shengjle Yang, Xlnye Li, F.an. Yang, Ran Z.hao, 19 words — < 1 %
Xiandu Pan, Jiaqi Liang, Li Tian, Xiaoya Li, Longtao

Liu, Yanwei Xing, Min Wu. "Gut Microbiota-Dependent Marker

TMAO in Promoting Cardiovascular Disease: Inflammation

Mechanism, Clinical Prognostic, and Potential as a Therapeutic

Target", Frontiers in Pharmacology, 2019

Crossref

. . 0
www.ncbi.nim.nih.gov 18 words — < 1 %

Internet

www.frontiersin.org

Internet



15 words — < 1%



