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Abstract

Significance: Neutrophil behavior and function are altered by hyperglycemia associated with diabetes. Aberrant
activation by hyperglycemia causes neutrophils to respond with increased production of reactive oxidative
species (ROS). Excess ROS, a signature of primed neutrophils, can intracellularly induce neutrophils to undergo
NETosis, flooding surrounding tissues with ROS and damage-associated molecular patterns such as S100
calcium binding proteins (S100A8/A9). The cargo associated with NETosis also attracts more immune cells to
the site and signals for increased immune cell production. This inflammatory response to diabetes can accelerate
other associated conditions such as atherosclerosis and thrombosis, increasing the risk of cardiovascular disease.
Recent Advances: As the prevalence of diabetes continues to grow, more attention has been focused on
developing effective treatment options. Currently, glucose-lowering medications and insulin injections are the
most widely utilized treatments. As the disease progresses, medications are usually stacked to maintain glucose
at desired target levels, but this approach often fails and does not effectively reduce cardiovascular risk, even
with the latest drugs.
Critical Issues: Despite advances in treatment options, diabetes remains a progressive disease as glucose
lowering alone has failed to abolish the associated cardiovascular complications.
Future Directions: Significant interest is being generated in developing treatments that do not solely focus on
glucose control but rather mitigate glucotoxicity. Several therapies have been proposed that target cellular
dysfunction downstream of hyperglycemia, such as using antioxidants to scavenge ROS, inhibiting ROS
production from NOX, and suppressing neutrophil release of S100A8/A9 proteins. Antioxid. Redox Signal. 36,
652–666.
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Introduction

D iabetes is a major risk factor for cardiovascular disease
(CVD), which is driven by low-grade chronic inflam-

mation and accelerated atherosclerosis (21, 41). Increased
leukocyte count seen in diabetes is a major risk factor for
coronary artery disease (52) and acute coronary syndrome
(ACS) (72). In recent years, through many elegant preclinical
studies, diabetes is recharacterized from a primarily metabolic
disease to an inflammatory and immune-mediated disease.

Two major forms of diabetes exist, type 1 and type 2, with
the latter being the most common, making up nearly 95% of
diabetic individuals (1). The pancreas of individuals with
type 1 diabetes is targeted by the immune system, destroying
the beta cells that produce insulin, consequentially prevent-
ing cells from processing glucose normally. Individuals with
type 2 diabetes develop hyperglycemia as a culmination of
genetic predispositions, and environmental factors that lead
to insulin resistance, hyperinsulinemia, and eventually re-
duced insulin production. Both types are subject to strikingly

1Department of Surgery, The Ohio State University Wexner Medical Center, Columbus, Ohio, USA.
2Division of Immunometabolism, Baker Heart and Diabetes Institute, Melbourne, Australia.
3Amsterdam Diabetes Centrum, Internal and Vascular Medicine, Amsterdam UMC, Amsterdam, Netherlands.

ANTIOXIDANTS & REDOX SIGNALING
Volume 36, Numbers 10–12, 2022
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2021.0116

652



similar complications arising from hyperglycemia. However,
glucose control alone may not be enough to reinstate a normal
inflammatory environment in either type 1 or type 2 diabetes.
For example, transient intermittent hyperglycemia (TIH)
associated with regular high carbohydrate meals has the
ability to sustain inflammation (21).

With the introduction of several continuous glucose mon-
itoring devices, the occurrence and the impact of TIH are
increasingly appreciated (40). Diabetic individuals who have
relatively well-controlled glucose levels can continue to ex-
perience detrimental TIH, especially in the postprandial
phase or when short-acting medication or insulin is ineffec-
tive or inadequate (21, 41). Despite ambient glucose levels
being lowered overall, TIH spikes put individuals with in-
sulin resistance at a greater risk of CVD (21). Exposure to
TIH, even as brief as a few hours and uncapturable by HbA1c
values (25), is associated with enhanced myelopoiesis, in-
creased plasma levels of S100A8/A9, and atherosclerotic
macrophage burden (21).

The pathways through which diabetes elicits an innate
immune response are yet to be fully characterized, but nu-
merous studies have identified that many of the complica-
tions associated with diabetes can be attributed to oxidative
stress (8, 27, 60). Phagocytic immune cells such as neutro-
phils, eosinophils, monocytes, and macrophages produce
large quantities of reactive oxidative species (ROS) and free
radicals when activated. Glucose uptake is essential for
phagocytes to produce ROS and carry out key immune
functions (42). Hyperglycemia can cause dysregulation of
metabolic processes and detrimentally increase ROS pro-
duction in all these cells, but neutrophils are disproportion-
ately affected due to their metabolic inflexibility (21).

It is important to note that studies characterizing neutrophil
function in hyperglycemic conditions have produced con-
flicting reports, with some experiments showing both de-
creased neutrophil activity and ROS production, and others
showing the opposite. One study delved into this phenomenon
and found that glucose concentrations of 12 mM were suffi-
cient to strongly activate neutrophils for a few hours, followed
by a steady decline in neutrophil activation (42), which pairs
well with the finding that acute glucose fluctuations induce
oxidative stress, whereas chronic hyperglycemia does not (49).
In addition, some studies suggest that chronic exposure of
neutrophils to consistently high glucose levels can eventually
induce a fatigued-like state in the cells, resulting in an atten-
uated immune response (42). This decrease in neutrophil im-
mune activity could contribute to the higher incidence of
infections seen in both type 1 and 2 diabetic patients with
uncontrolled glucose levels (12). Paradoxically, patients with
better controlled glucose levels who experience TIH may
maintain their neutrophils in a perpetually active state.

Activation of neutrophils by diabetic hyperglycemia elicits
an inflammatory immune response (6, 21, 65) through oxi-
dative bursts and release of damage-associated molecular
patterns (DAMPs) (52), notably S100A8/A9. Further investi-
gation must be devoted to understanding this observation
fully, as valuable therapeutic insights can still be gathered.
Since glucose fluctuations are largely unavoidable, and can
rapidly elicit detrimental immune responses, it may be more
effective to develop therapeutics that target downstream
meditators of hyperglycemia, for use in conjunction with
glucose control treatments. Antioxidant-based therapies have

seen some success in clinical applications, and drugs target-
ing S100A8/A9 release and signaling have shown promise in
preclinical studies, but the full potential of targeting oxida-
tive stress and its downstream pathways requires additional
attention. In this review, we focus on the ROS pathways,
specifically in neutrophils, that could be potentially exploited
to target diabetes-associated CVD.

Hyperglycemia Causes Neutrophil-Mediated
Oxidative Stress

Neutrophil-mediated oxidative stress affects several organ
systems. The macrovasculature and microvasculature are
both affected by ROS (60). Promoting a vicious feed-forward
loop, the pancreas is one of the most sensitive tissues in the
body to oxidative assault (58). Studies have also found a
relationship between excess ROS and insulin resistance in
type 2 diabetes (60). Hyperglycemic conditions associated
with diabetes create an environment that enhances neutrophil
ROS levels and oxidative bursts (6). It has been observed that
oxidative damage begins when the cell’s natural antioxidant
defense systems are overwhelmed and decreased by the flux
of oxidative species being produced (60).

Neutrophils metabolize primarily through glycolysis,
making them particularly sensitive to glucose levels (41).
Unable to downregulate glucose transporter-1 (GLUT-1)
during hyperglycemia, neutrophils will continue to increase
metabolism as more glucose becomes available, until they
reach a maximum glycolytic rate (21). As neutrophils in-
crease metabolism in response to hyperglycemia, production
of ROS as a by-product through the mitochondrial electron
transport chain increases. Mitochondrial overproduction of
ROS is thought to be the initiator of several dysregulated
ROS-mediated pathways (66). This is supported by the ex-
perimental observation of endothelial cells lacking mito-
chondrial function failing to increase ROS production in
response to high glucose exposure (25). DNA damage caused
by excess ROS activates repair mechanisms that decrease
the activity of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). As an essential glycolytic enzyme, GAPDH in-
hibition leads to a buildup of glycolytic intermediates up-
stream, that divert into other cellular pathways and further
contribute to ROS formation (24, 66, 88).

Glucose itself has the ability to auto-oxidate, which pro-
duces damage causing oxidative agents (60). Excess intra-
cellular glucose and glycolytic intermediates lead to the
accumulation of higher levels of advanced glycolytic end
products (AGEs) (7, 24). Of these, methylglyoxal has been
deemed the most reactive glycolytic by-product and the
major source of AGEs (63). Methylglyoxal and AGEs me-
diate the generation of ROS, mainly through upregulating the
NADPH oxidase (NOX). It has been suggested that AGEs
can also contribute to enhanced protein kinase C (PKC) ac-
tivity (24, 60). AGEs and PKCs both modulate the activity of
the adaptor protein, p47-phox, that facilitates the assembly of
NOX (27, 31). This is achieved by PKC phosphorylating
several p47-phox serine residues located in the C-terminus
(31). AGEs have been shown to induce arachidonic acid
(AA), which interacts with p47-phox to enhance its ac-
tivity (27), creating a feed-forward loop, augmenting ROS
production (31). This feed-forward loop is further perpetu-
ated as ROS can increase production of AGEs (60) through
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DNA damage as previously stated (Fig. 1). In addition, me-
thylglyoxal can directly modify DNA, leading to formation
of the modification N2-(1-carboxyethyl)-2¢-deoxyguanosine
(CEdG) (75), and has been linked to the activity of the
histone-tail modifying enzyme SET7 (18). Therefore, the
glycation pathways likely have durable effects, through long-
lived protein modifications, as well as epigenetic pathways.
Furthermore, the increased utilization of NADPH for the
generation of ROS through the polyol pathway causes a
shortage of the ROS scavenger, reduced glutathione (GSH),
contributing to oxidative overload stress, with an inability of
the cell to detoxify (24). As ROS production spirals out of
control in the cell, oxidation damage to proteins can become
prevalent enough to cause cellular function dysregulation,
antioxidant overwhelm, and eventual cell death.

Accumulation of ROS is also thought to contribute to the
phenomenon of innate training, a concept in which innate
immune cells undergo epigenetic changes upon a challenge
with microbial or metabolic triggers, altering their propensity
to react to certain stimuli. This mechanism has likely evolved
to reduce the risk of reinfections, and one of the best-known
inducers of innate training is the BCG vaccine that not only
offers partial protection against tuberculosis but also against
influenza infection (53). A similar phenomenon may occur in
the setting of atherosclerosis (20, 28), where prior exposure
of cultured macrophages to oxidized low-density lipoproteins
(ox-LDL) induces innate training in a mechanistic target of
rapamycin and ROS-dependent pathway, inducing epigenetic
changes that lead to increased cytokine production 5 days
after initial ox-LDL challenge (69). In addition to inflam-
matory reprogramming, metabolic reconfiguration is a hall-
mark of innate training. Especially, activation of glycolytic
pathways is a defining hallmark of the trained monocyte/
macrophage in the setting of atherosclerosis (69). In partic-
ular, the rate limiting glycolytic enzyme pyruvate kinase M2

boosts the production of cytokines, the signal transducer and
activator of transcription 3 (STAT3) (67). The interaction of
this emerging mechanism with hyperglycemia constitutes a
major knowledge gap.

The role of glucose-induced S100A8/A9 secretion may
also be of interest, as the release of massive amounts of
S100A8/A9 in the newborn may play a role in the counter-
regulatory tolerance that prevents hyperinflammation. At
least in neonates, a transient excess production of S100A8/
A9 prevents hyperinflammation associated with bacterial
infection (78), but this response does likely not translate to
the setting of the hyperglycemic adult.

Oxidative Stress Induces Neutrophils to Upregulate
Production and Release of S100A8/A9

Neutrophils are the main source of the serum pool of
S100A8/A9 in diabetes (21). Oxidative stress stemming from
hyperglycemia can enhance neutrophil gene expression and
secretion of S100A8 and S100A9 (24, 41). Methylglyoxal, an
AGE precursor produced by ROS (24), increases redox-
sensitive transcription factors activator protein 1 (AP-1) and
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-jB) binding to the promoters of S100A8/A9 and
receptor for advanced glycation end products (RAGE), re-
spectively, upregulating their expression (66, 88). Experi-
mental data have shown that overexpression of proteins that
prevent hyperglycemia-stimulated mitochondrial production
of ROS abrogated the upregulation of S100A8/A9 and RAGE
(88). ROS induce expression of the transcription factor
Kruppel-like factor 5 (KLF-5) that transactivates the pro-
moters of S100A8 and S100A9 (23). KFL-5 also regulates
CCAAT/enhancer-binding protein a (C/EBPa) expression
and, together, these two factors interact to synergistically
promote S100A8 and S100A9 expression (23) (Fig. 2).

FIG. 1. ROS and AGE feedback
loop through NOX. ROS and AGEs
can form a feedback loop, initiated by
glucose and glycolytic intermediates
forming AGEs, which activate the
NADPH oxidase complex (NOX
complex) through PKC and AA. PKC,
activated by AGEs, phosphorylates
the P47phox subunit of NOX, allow-
ing for assembly of the complex.
AGEs then shuttle AA to P47phox,
increasing the activity of the complex.
Excess ROS created by this complex
cause DNA damage in the nucleus that
leads to a buildup of glycolytic inter-
mediates upstream that then perpetuate
the cycle by their conversion into
AGEs. AA, arachidonic acid; AGEs,
advanced glycolytic end products;
NOX, NADPH oxidase; PKC, protein
kinase C; ROS, reactive oxidative spe-
cies. Color images are available online.
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Despite the well-known robust role for S100A8/A9 in the
immune response to diabetes and other inflammatory dis-
eases, the precise molecular mechanisms that trigger its se-
cretion/release from neutrophils have remained somewhat
elusive. It is established that S100A8/A9 is not secreted via
the classical ER-Golgi pathway, due the lack of a leader
sequence (74). Stimulation of neutrophils with phorbol
myristate acetate (PMA), a potent NETosis inducer, has been
shown to promote a robust secretion of S100A8/A9 (36, 64,
74). One of the studies found that the release of neutrophil
extracellular traps (NETs), signatures of NETosis, correlates
with the secretion of S100A8/A9 from PMA-stimulated
neutrophils. To further investigate this relationship, neutro-
phils were treated with N-formyl-met-leu-phe (FMLP), an
exocytosis stimulant that does not induce NET formation. In
the absence of NET formation, S100A8/A9 secretion failed
(64), strengthening the connection between NETosis and
S100A8/A9 release. To link ROS production with NETosis
and S100A8/A9 secretion, the study inhibited NOX activa-
tion in neutrophils using diphenyleneiodonium before stim-
ulation with PMA. As a result, both NET formation and
S100A8/A9 secretion were abolished (64), demonstrating the
essential nature of ROS production in NOX-dependent NE-
Tosis (35) and S100A8/A9 release. Other studies have also
explored this relationship through the lens of hyperglycemia,
as shown by glucose-challenged neutrophils treated with an
ROS scavenger and an NOX inhibitor, respectively, failing to
release S100A8/A9 (21).

A possible mechanism by which ROS mediate neutro-
phil S100A8/A9 release could be through its important
role in NET formation (16). ROS are known to mediate the
movement of neutrophil elastase, a serine protease essen-
tial for NOX-dependent NETosis (55), from the azur-
ophilic granules of neutrophils (10, 70) via activating the
azurosome (35). Outside of the granules, elastase can
cleave gasdermin-D (GSDMD) to form N-GSDM that lo-
calizes to and creates pores in azurophilic granules, re-
leasing the contents into the neutrophil cytosol (32). As
one of the most abundant proteins in azurophilic granules,

the massive influx of elastase begins histone degradation,
resulting in chromatin decondensation to form NETs (31,
32). Excess ROS accelerates elastase transportation (70),
expediting NET formation consequentially. Adding to the
powerful role in NETosis, ROS can influence the alter-
native NOX-independent NETosis pathway through indi-
rect signaling on peptidyl arginine deiminase 4 (PAD4)
(66). This protein, necessary for NOX-independent NE-
Tosis (37) in response to sterile inflammation, is upregu-
lated in neutrophils in diabetes (77, 85). Both ROS and
S100A8/A9 can activate NF-jB, which promotes the ex-
pression of PAD4, and ROS are capable of increasing in-
tracellular calcium levels that activate PAD4 (66). When
activated, PAD4 deiminates arginine residues on histones
(37), reducing their positive charge and affinity to DNA.
This leads to the same result as the NOX-dependent
pathway—chromatin decondensation and the formation of
NETs in anticipation of NETosis (Fig. 3).

Neutrophil release of S100A8/A9, stimulated by oxidative
stress, recruits immune cells to the source of the signaling
(62, 72, 74). This gives rise to an additional pathway for the
release of S100A8/A9 from migrating neutrophils, via the
so-called elongated neutrophil-derived structures (ENDS).
Attracted by chemokine signaling to the site of acute in-
flammation, neutrophils roll along vessel walls using tethers
to eventually arrest on the endothelium and subsequently
extravasate. Some of these tethers break during the rolling
process, forming ENDS. Interestingly, high levels of
S100A8/A9 protein are present in ENDS and upon their
breakdown, S100A8/A9 is released (47). ENDS were also
found to contain myeloid leukocyte activation and glycolytic
metabolism pathway proteins (47). While not experimentally
examined, ENDS are another potential mechanism for local
S100A8/A9 release in diabetes, as neutrophils are activated
and tether along the activated endothelial cells. This mech-
anism may be more important for localized enrichment
of S100A8/A9 to act as a further chemoattractant signal,
amplifying sterile inflammation, and thus warrants further
investigation.

FIG. 2. ROS upregulate
S100A8/A9 and RAGE ex-
pression. Through the pro-
duction of methylglyoxal, ROS
induce the redox-sensitive tran-
scription factors, NF-jB and
AP-1, to bind to the promoters
of RAGE and S100A8/A9. ROS
induce the expression of the
transcription factor KLF-5,
which signals to and synergizes
with C/EBPa to transactivate
S100A8/A9. AP-1, activator
protein 1; KLF-5, Kruppel-like
factor 5; NF-jB, nuclear factor
kappa-light-chain-enhancer of
activated B cells; RAGE, re-
ceptor for advanced glycation
end products. Color images are
available online.
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S100A8/A9 Initiates an Inflammatory Immune Response
on Its Release in Diabetes

S100A8/A9 demonstrates the ability to elicit the responses
of various immune cell types. Having a complex role in
immunity, S100A8/A9 acts in both a cell-type autocrine and
paracrine manner (62). Being the most abundant cyto-
solic proteins found in neutrophils (74) and interacting with
numerous neutrophil components intracellularly and extra-
cellularly during activation, S100A8/A9 is suggested to
have dominant effects in these cells. S100A8/A9 has
been observed to attract and sequester neutrophils (and
other leukocytes via alternative pathways) in a concentration
gradient-dependent manner (45, 62). At lower concentrations,
S100A8/A9 can act as a specific chemoattractant to neutro-
phils, by inducing the shedding of L-selectin (62, 74), however,
at higher concentrations, S100A8/A9 induces neutrophil ad-
hesion to fibrinogen through macrophage-1 antigen (Mac-1)
(84), contributing to neutrophil retention at the site of inflam-
mation. S100A8/A9 also regulates the polymerization and or-
ganization of microtubules in the presence of high calcium
levels (26), which aids in facilitating neutrophil migration (74,
81). This reorganization of the cytoskeleton additionally aids
phagocytic functions (84). S100A8/A9 contributes to neutro-
phil oxidative bursts as it can have a potentiating effect on ROS
formation due to its binding of NOX components (45, 62, 73).
This, in turn, increases its own secretion from the neutrophil.

Upon release, S100A8/A9 interacts with its innate immune
receptors, toll-like receptor 4 (TLR4) and RAGE (74). Ex-

pressed on endothelial cells and hematopoietic cells (21),
RAGE is a promiscuous receptor that can bind to multiple
DAMPs (41) and its expression is increased in diabetes by ROS
(88). S100A8/A9-mediated RAGE signaling drives myelo-
poiesis in diabetes (21), contributing to leukocytosis (52).
S100A8/A9 in the plasma interacts with RAGE on common
myeloid progenitors (CMPs) and granulocyte macrophage
progenitors (GMPs) in the bone marrow. This interaction ac-
tivates NF-jB signaling to promote the secretion of monocyte
colony stimulating factor and granulocyte macrophage colony
stimulating factor, which enhances myelopoiesis of GMPs and
CMPs (74), increasing neutrophil and monocyte numbers in the
circulation (73) (Fig. 4).

S100A8/A9-RAGE signaling axis also has a direct role in
platelet production in diabetes (41). S100A8/A9 signals
through RAGE on Kupffer cells in the liver to stimulate
thrombopoietin (TPO) production (41, 44). TPO promotes
the proliferation of megakaryocytes and bone marrow pro-
genitor cells, giving rise to younger, more reactive platelets
that are resistant to standard antiplatelet treatments in dia-
betic patients (44) (Fig. 5).

Cardiac fibroblasts (CFs), an abundant cell type in the heart
(86) and one of the major mediators of diabetic cardiac fi-
brosis (61), are highly influenced by S100A8/9 via RAGE
signaling (86). S100A8/A9 has been found to be chemotactic
to CFs and can modulate the expression of over 200 CF
genes, including stimulating chemokines and proin-
flammatory cytokines (86). S100A8/A9 activation of CFs
through RAGE initiates angiotensin II-induced cardiac

FIG. 3. ROS stimulate NETosis. ROS in the neutrophil stimulate NETosis through both the NOX-dependent and NOX-
independent pathways. Through the NOX-dependent pathway, ROS allow for the leakage of NE from azurophilic granules.
Free from the granule, NE is free to cleave GSDM into its active form. Active GSDM forms pores in the azurophilic
granules, releasing the contents into the cytosol, including NE. NE then migrates to the nuclease and degrades histones.
ROS and S100A8/A9 indirectly stimulate NOX-independent NETosis through activating PAD4 through NF-jB. ROS also
increase intracellular calcium, which also activates PAD4. PAD4 citrullinates arginine residues on histone tails, causing
loosened DNA binding. Both pathways lead to chromatin decondensation and eventual NETosis. GSDM, gasdermin; NE,
neutrophil elastase; PAD4, peptidyl arginine deiminase 4. Color images are available online.
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FIG. 4. S100A8/A9 signaling promotes myelopoiesis. S100A8/A9 released from NETosis interacts with its innate
immune receptors RAGE and TLR4 on myeloid progenitor cells. S100A8/A9 signaling through TLR4 on myeloid lineage
cells causes NF-jB to promote the expression of NLRP3 and pro-IL-1b. After NLRP3 inflammasome assembly, pro-IL-1b
is cleaved to its mature form and secreted. Upon secretion IL-1b interacts with IL-1R on stem cells in the bone marrow.
S100A8/A9 can directly signal through RAGE on GMPs and CMPs in the bone marrow to release GM-CSF and M-CSF.
CMPs, common myeloid progenitors; GM-CSF, granulocyte macrophage colony stimulating factor; GMPs, granulocyte
macrophage progenitors; IL-1b, interleukin 1 beta; IL-1R, interleukin-1 receptor; M-CSF, monocyte colony stimulating
factor; NETs, neutrophil extracellular traps; NLRP3, NLR family pyrin domain containing 3; TLR4, toll-like receptor 4.
Color images are available online.

FIG. 5. Neutrophils and plate-
lets participate in an activation
loop. Activated neutrophils release
S100A8/A9, which then signals
through RAGE on Kupffer cells in
the liver for increased TPO pro-
duction. TPO interacts with its re-
ceptors on megakaryocytes to
upregulate platelet production.
These platelets can be activated by
NETs, and in turn, the platelets
activate neutrophils, perpetuating
the cycle. TPO, thrombopoietin.
Color images are available online.
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inflammation (86), part of the major inflammatory and fi-
brotic renin/angiotensin/aldosterone system (RAAS) that has
been found to be upregulated in diabetes (9). RAAS activa-
tion was shown to increase RAGE ligand levels, including
S100A8/A9 (56), initiating a positive feedback cycle. Nor-
mally, RAGE plays a role in acute inflammation, but per-
sistent increased exposure to endogenous ligands, such as
S100A8/A9, can cause chronic RAGE signaling, which can
contribute to the development of diabetes-associated diseases
(88).

S100A8/A9-TLR4 signaling contributes to diabetes-
associated inflammation via the NLR family pyrin domain
containing 3 (NLRP3) inflammasome in myeloid lineage
cells. TLR4 expression can be induced by hyperglycemia
through PKC interaction with NADPH-oxidase (3, 14, 83).
S100A8/A9 and TLR4 exert control over the NLRP3 in-
flammasome through NF-jB (22, 59, 68), a redox-sensitive
transcription factor that modulates the expression of a
plethora of genes involved in inflammation (19). NF-jB
primes the inflammasome by inducing the expression of
NLRP3 and pro-interleukin 1 beta (IL-1b) (15). Classically,
the inflammasome requires a second signal to assume full
functionality through the assembly of the inflammasome
complex; however, recent studies have demonstrated that
TLR4 signaling can activate the NLRP3 inflammasome
without the need for secondary stimuli (15). Initiation of the
inflammasome complex assembly, which facilitates caspase-
1 cleavage of pro-1L-1b to its mature form, allows for the
subsequent secretion of this inflammatory cytokine. In the
setting of obesity and insulin resistance, IL-1b release from
myeloid cells in the adipose tissue interacts with the IL-1R1
in the bone marrow to induce myelopoiesis (72, 73) (Fig. 4).
S100A8/9-induced signaling pathways and self-perpetuating
activity can produce severe immune responses in the vascu-
lature. Persistent immune activity leads to cardiovascular
dysfunction and eventual disease.

Oxidative Stress and S100A8/9 Are Major Contributors
to Diabetic Cardiovascular Complications

As ROS and S100A8/A9 are released through oxidative
bursts and neutrophil death, they inflict oxidative stress and
damage on and recruit immune cells to the vascular endo-
thelium, leading to the formation of diabetes-associated
cardiovascular complications. S100A8/A9 has been found to
be a biomarker for predicting cardiovascular events as high
levels of this protein correlate with atherosclerotic plaque
rupture, platelet aggregation, and thrombosis (8, 13).

S100A8/A9 activates the endothelium, leading to cyto-
kine/chemokine production, adhesion molecule expression
(17), and increased endothelial platelet aggregation (65).
S100A8/A9 signaling through RAGE and TLR4 has been
implicated as contributing to the development of athero-
sclerosis (5). Both receptors exhibit atherogenic properties
and deficiency in either of these receptors was found to slow
the progression of atherosclerotic plaque formation (65).
Several studies have linked the vascular and hematopoietic
RAGE signaling axis and S100A8/A9 expression in diabetes
to increases in the expression of adhesion molecules (21, 39,
65, 87). Both ROS and S100A8/A9 are known to increase the
endothelial expression of intracellular adhesion molecule 1
(ICAM-1) and vascular adhesion molecule 1 (VCAM-1) (65,

76). S100A8/A9-mediated platelet production amplifies
platelet/leukocyte interactions, found to activate the leuko-
cytes and increase expression of ICAM-1 binding receptor
Mac-1 (44). This is potentiated by S100A8/A9 augmenting
leukocyte Mac-1 and ICAM-1 binding through a TLR4-
mediated pathway (84). As the initiating step in atherogenesis
(33), expression of these adhesion molecules slows leukocyte
rolling and eventually leads to leukostasis (84, 87).

S100A8/A9, in a dose-dependent manner, can disrupt the
monolayer integrity of the endothelium and increase its
permeability (80), facilitating increased immune cell infil-
tration. ROS-induced PKC activation has also been linked to
increased vascular endothelial permeability (66). Following
extravasation through the vascular endothelium to the inte-
rior of the arterial wall, inflammatory leukocytes, specifically
Ly6-Chi monocytes, mature into macrophages that are
transformed into foam cells through the uptake of ox-LDL
(22, 33), formed by ROS (34), and begin the atherogenic
process. Interestingly, there are a higher percentage of
S100A8/A9-positive macrophages in rupture-prone lesions
than in stable lesions (29). Neutrophil infiltration in the ath-
erogenic lesion can give rise to thrombogenic activity via
NET release (5) and has been implicated as a factor in plaque
rupture (16). Neutrophils and platelets in thrombosis are en-
gaged in a vicious feedback cycle. Neutrophil NETs can ac-
tivate platelets and these platelets, in turn, can activate
neutrophils (43). Increased activated platelet count in diabetic
individuals is correlated with thrombosis and accelerated
atherosclerosis (44). Platelet-derived chemokine (C-X-C mo-
tif) ligand 4 (CXCL4) and C-C chemokine receptor type 5
(CCR5) can activate neutrophils to induce entry into the
lesions (51) and NET release, explaining the presence of
NETs in luminal atherosclerotic plaques (16) (Fig. 6). Upon
further investigation, NETs were found to localize around
apoptotic endothelial and smooth-muscle cell clusters in the
lesions (16). Interestingly, excessive oxidative stress has
been found to induce vascular smooth muscle cell apoptosis,
which has been suggested as an avenue to plaque instability
and rupture (19).

S100A8/A9 is not normally expressed in nonmyeloid cells,
but under inflammatory conditions, such as that found in
atherosclerosis, it has been found that S100A8/A9 expression
can be induced in cardiovascular cells (5) and in endothelial
cells after exposure to IL-1b (4). S100A8/A9 has been im-
plicated as a key granulopoiesis stimulating molecule post-
myocardial infarction (72). Amplification of myocardial
inflammation by S100A8/A9 secreted from neutrophils and
monocytes (74) in response to ischemia/reperfusion injury
facilitates myocardial remodeling and heart failure (65).
Platelets and megakaryocytes have also been suggested as a
possible source of S100A8/A9 in ACS (50). In the setting of
myocardial infarction (MI), monocytes are particularly sen-
sitive to S100A8/A9-induced TLR4 upregulation and secrete
increased amounts of cytokines up to 14 days post-MI (65).
This if found to correlate with the development of heart
failure (65).

S100A8/A9-RAGE signaling in cardiomyocytes results in
decreased contractility through diminished calcium flux in
the cells (74). S100A8/A9 also induces death in cardiomyo-
cytes through facilitating mitochondrial respiratory dys-
function in these cells (74). Furthermore, S100A8/A9-RAGE
signaling contributes to post-MI heart failure development
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through the phosphorylation of mitogen-activated protein
kinases, which are implicated as having a crucial role in this
process (82). Ablation of RAGE in mice provides protection
from MI-induced heart failure via decreased phosphorylation
of kinases (82), demonstrating the important role that
S100A8/A9-RAGE signaling plays in mediating inflamma-

tory cellular processes in the postischemic heart. Reduction
of serum S100A8/A9 levels is a potential therapeutic avenue
to reduce the severity of cardiac complications as elevated
S100A8/A9 levels have been found in conditions, such as
ACS, coronary and cardiac atherosclerosis, and associated
thrombosis.

FIG. 6. S100A8/A9, ROS, and NETs contribute to atherosclerosis and thrombosis. S100A8/A9 increases the ex-
pression of ICAM-1 and VCAM-1 on the vascular endothelium. S100A8/A9-augmented platelets interact with leukocytes to
activate them and induce expression of the ICAM-1 binding molecule Mac-1. S100A8/A9 through a TLR4-mediated
pathway can increase Mac-1 and ICAM-1 binding. Once bound the leukocytes can extravasate through the endothelium that
has been made more permeable by ROS and S100A8/A9. The leukocytes, specifically monocytes, mature into macrophages
and then foam cells through the uptake of low-density lipoproteins, leading to atherogenesis. Neutrophil NETs contribute to
thrombogenesis through sequestering platelets in the DNA, aiding in clot formation. The platelets, activated by NETs,
secrete CXCL4 and CCR5, activating more neutrophils and encouraging NETosis. CCR5, C-C chemokine receptor type 5;
CXCL4, chemokine (C-X-C motif) ligand 4; ICAM-1, intracellular adhesion molecule 1; LDLs, low-density lipoproteins;
Mac-1, macrophage-1 antigen; VCAM-1, vascular adhesion molecule 1. Color images are available online.
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Therapies Based on Antioxidants, ROS, and S100A8/A9
and Associated Pathway Inhibitors

Several new therapies have emerged recently that focus on
targeting ROS and S100A8/A9 and its receptors/associated
pathways in diabetes. Studies have looked into balancing the
increased ROS production in diabetes with antioxidants.
They suggest that preventing ROS-induced damage to beta
cells in the pancreas with antioxidant therapy can prevent
insulin resistance in both types of diabetes (60). Clinical
studies have identified two antioxidants, a-lipoic acid and
RRR-a-tocopherol, that have been promising in the treatment
of diabetes and in the prevention of atherosclerosis (60).
Possible limitations to the practicality of these antioxidant-
based treatments arise from the fact that they react with ROS
on a one-to-one basis, while ROS production is a continuous
process (24), which would rapidly deplete the antioxidants.
As a possible solution, a therapy has been proposed involving
treatment with a superoxide dismutase/catalase mimetic,
which prevents ROS inactivation of critical antiathero-
sclerosis enzymes and the subsequent activation of damaging
metabolic pathways in diabetes (24). Clinical assessment of
this treatment is still required. Inhibition of oxidative bursts
from neutrophils has been explored using pyrazolone deriv-
atives. It was found that aminopyrine and dipyrone prevent
PMA-induced neutrophil bursts, but can contribute to
agranulocytosis (11). The important signaling functions of
ROS under normal physiological conditions imply that ag-
gressive antioxidant and ROS scavenging based therapies
should be approached with caution, as abolishing oxidizing
action indiscriminately can be detrimental to cellular func-
tions (76).

Direct NOX-inhibiting drugs have been studied in mice
modeling diabetes-associated macrovascular disease with
some success. GKT137831, a semispecific inhibitor of
NOX, NOX1 and 4 specifically, has been shown to attenuate
diabetes-induced atherosclerotic plaque progression at the
onset of diabetes, and has been found to have the same
effect, at a lower dosage, in established diabetes (79). A
lower dosage of GKT137831 than was used in the early-
onset model was required in the established diabetes model
to halt atherosclerotic plaque progression. This difference in
dosage effectiveness is speculated to stem from the differing
functions NOX1 and NOX4 carry out in diabetes-associated
atherosclerosis, with NOX1 having detrimental effects on
plaque progression as opposed to the protective NOX4 ac-
tivity (79). It should be stressed that developing isoform-
specific NOX inhibitors is needed to selectively abolish the
detrimental effects certain NOX isoforms confer in
diabetes-related macrovascular disease, while the main-
taining activity of the protective isoforms (79).

Alternatively, to or in conjunction with other therapies, the
signaling mediators that drive both the upstream and down-
stream effects of S100A8/A9 are potential candidates for the
risk reduction of diabetic CVD. Multiple studies have ex-
amined the efficacy of inhibiting RAGE activation in a
plethora of disease models, including diabetes-related CVDs
(56). RAGE signaling is postulated to be an outlet through
which local RAAS activity exerts proinflammatory effects
(56). An existing cross talk between the AGE/RAGE axis and
RAAS has been shown to contribute to atherosclerotic plaque
instability (30). In diabetic Rage-/-Apoe-/- mice, upregula-

tion of NOX subunits was abolished, and atherosclerotic
plaque size was reduced (71), showing that inhibition of
RAGE signaling can produce protective effects, especially
for the diabetic heart. In a recent study, inhibition of RAGE
with a targeted small molecule capitulated similar results
to RAAS blockade [decreased stroke, myocardial infarction,
and death associated with diabetes (9)] with no effect on
blood pressure, reigniting the idea that RAGE could be a
therapy to reduce the risk of vascular complications in
diabetes (56).

Targeting the NLRP3 inflammasome has shown poten-
tial as a therapeutic inhibitor of cardiac damage in diseases
that present excess inflammation. As inflammation is a
vital part of the immune system, inhibition of all in-
flammasome activity would prove detrimental, and there-
fore, the discovery of NLRP3 inflammasome-specific
pharmaceutical agents is key to this therapy option. Tar-
geted inhibition of several NLRP3 inflammasome com-
ponents has been investigated in CVD, such as blockage of
inflammasome assembly, inhibition of caspase-1, inhibi-
tion of NT-GSDMD-mediated pore formation, and neu-
tralization of IL-1b (48). One such pharmaceutical agent
studied in preclinical models of inflammatory diseases,
OLT1177, selectively targets the NLRP3 inflammasome
and has shown to be effective in numerous inhibitory ac-
tivities, including inhibiting NLRP3 oligomerization,
NLRP3-ASC interaction and thus inhibition of down-
stream activation, and release of IL-1b (48). Some studies
have delved into exploring the use of anti-inflammatory
compounds as potential treatments for cardiovascular
complications stemming from inflammasome activity. In-
deed, the recently concluded clinical trials, Canakinumab
Anti-inflammatory Thrombosis Outcomes Study (CAN-
TOS) and Low Dose Colchicine for Secondary Prevention
of Cardiovascular Disease (LoDoCo), provide proof of
principle that treatments involving anti-inflammatory
compounds can attenuate CVD events (although with a
nondiabetic focus) (54, 57). CANTOS demonstrated that
canakinumab reduced the risk of CVD. Canakinumab is a
therapeutic monoclonal antibody targeting IL-1b, a mol-
ecule involved in S100A8/A9 signaling, illustrating an
example of how targeting S100A8/A9 or its downstream
mediators may achieved in a clinical setting. However,
since canakinumab also raised the risk of infections, a
further refinement of the anti-inflammatory approach is
needed. These recent findings only further underlie the
importance of mechanistic studies into the role of in-
flammation in CVD.

Several studies have investigated the efficacy of direct
S100A8/A9 inhibitors in preventing cardiovascular compli-
cations. In the setting of TIH, a small-molecule inhibitor of
S100A8/A9, ABR-215757 (paquinimod) was tested to assess
if blocking the RAGE-S100A8/A9 signaling axis reduces
atherosclerosis in mice (21). The treatment, independent of
hyperglycemic response, reduced myeloid progenitors,
translating to reduced circulating neutrophils and monocytes
(21). A separate study assessing the effectiveness of using
paquinimod to reduce S100A8/A9 binding to RAGE and
TLR4 found that it significantly reduced reticulated platelet
formation and thus thrombocytosis (41). A similar study
using a different small-molecule inhibitor of S100A8/A9,
ABR-238901, found that short-term inhibition of S100A8/A9
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early during MI blunted myelopoiesis and promoted an anti-
inflammatory environment in the myocardium post-MI (46).
However, long-term inhibition of S100A8/A9 with this drug,
beyond the inflammatory phase, resulted in decreased stem
cell proliferation in the bone marrow and eventual deteriora-
tion of cardiac function (73). It is important to fully understand

the boundary between S100A8/A9’s pro- and anti-inflammatory
properties, and identify a correct window of opportunity for
its targeted therapeutics (73).

Treatment of hyperglycemia in mice with a sodium/
glucose cotransporter 2 inhibitor (SGLT2i) lowered levels of
circulating S100A8/A9 and ROS accumulation, reducing the

FIG. 7. Summary of graphic illustration. (A) The main pathways through which hyperglycemia inflicts its cardio-
vascular damaging effects and the eventual rise of CVD through ROS and S100A8/A9 are shown. (B) The current diabetes
treatment of targeting hyperglycemia still allows for the progression of CVD in diabetic patients due to detrimental TIH,
which involves glucose spikes, usually undetectable by blood glucose readings and A1C levels. (C) New and experimental
diabetes treatments that target pathways downstream of hyperglycemia and TIH are shown in preliminary studies and trials
to be effective at preventing/slowing the development of CVD. The implications of these studies give an optimistic view of
the usefulness of these targeted therapies in conjunction with current treatment options for mitigating the damaging
cardiovascular effects of diabetes. CVD, cardiovascular disease; TIH, transient intermittent hyperglycemia; SGLT2i,
sodium/glucose cotransporter 2 inhibitor; SOD, superoxide dismutase. Color images are available online.
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incidence of diabetes-related myelopoiesis, thrombopoiesis,
and atherosclerosis (41, 74). SGLT2is have also been estab-
lished as an inhibitor of NLRP3 inflammasome activity in
diabetes and their usage has been found to abrogate diabetes-
associated cardiac damage (38). In the landmark clinical trial,
EMPA-REG OUTCOME, empagliflozin, an SGLT2i,
showed significant differences from the placebo group in
lowering rates of death from cardiovascular events and less
hospitalizations for heart failure in type 2 diabetics (2, 89).
Another SGLT2i clinical trial, DAPA-HF, demonstrated that
treatment with dapagliflozin reduced the risk of worsened
heart failure and cardiovascular death in patients, regardless
of type 2 diabetes incidence (2). SGLT2i therapies have been
overall effective at reducing cardiovascular mortality, and
heart failure in particular, among the myriad of oral antidi-
abetic drugs, even though their effect on glycated hemoglo-
bin is overall modest (76). However, as SGLT2i’s have been
shown to lower ROS and S100A8/A9 levels, more research
should be devoted to developing treatments aimed at lower-
ing the levels of both these factors and related pathways in
diabetic complications to tease out whether similar treatment
success may be achieved. The issue of S100A8/A9 release
from glycemic spikes still remains however, thus, whether a
safety net is required in the setting of diabetes to prevent the
consequences of S100A8/A9 needs to be determined.

Summary

Current diabetes treatments are not extremely dimensional
in their approach toward the disease. Expanding the scope of
therapeutic targets to include factors that are highly affected
by hyperglycemia and oxidative stress could advance the
field of diabetic treatment options drastically. As shown by
several clinical and experimental studies, knockdown or
suppression of S100A8/A9 and its receptors has been shown
to abrogate several of the complications associated with di-
abetes, especially pertaining to cardiovascular complications.
Characterizing these pathways through which S100A8/A9
exerts damaging immune effects serves to provide a platform
for the therapeutic research (Fig. 7).

Conclusion

Diabetes is indeed a multifaceted disease, ruled by oxi-
dative stress and the various inflammatory pathways it initi-
ates (24). Neutrophils are among the most reactive and
impacted cells in the body in response to dysregulated glu-
cose levels in diabetes. Primed by oxidative stress from in-
creased metabolism, neutrophils release DAMP molecules,
such as S100A8/A9, that in turn trigger myelopoiesis and
inflammatory responses through various pattern recognition
receptors. Many of the processes are involved in feed-
forward systems, where the presence of increased inflam-
matory signaling molecules such as ROS, S100A8/A9, and
IL-1b begat heightened immune responses by directly or
indirectly interacting with one another (84). Diabetes-
induced increase in myelopoiesis promotes atherosclerosis
and thrombosis, the major contributors of ischemic CVD
(41). Platelets, also found to be elevated in diabetes, con-
tribute to the formation and progression of atherosclerotic
lesions and thrombi, adding to CVD mortality (41). Many of
the factors involved in the formation of these diabetes-
associated cardiovascular complications have a direct or in-

direct relationship with S100A8/A9, meaning S100A8/A9
may be an important link between diabetes and cardiovas-
cular complications. It would be beneficial to further inves-
tigate the cellular and molecular mechanisms by which
S100A8/A9 operates and its complex relationship with ROS,
particularly in neutrophils. Delinking aberrant formation of
ROS with S100A8/A9 release from neutrophils is key to
developing potential strategies to reduce CVD, not only in
diabetes but also in conditions of impaired glucose tolerance/
insulin resistance where TIH/glucose spikes play a significant
role in sustaining vascular inflammation. It is important to
recognize that even if S100A8/A9-targeted candidate thera-
pies are successful, they are unlikely to be used as a ‘‘stand-
alone’’ therapeutic option in managing CVD, but rather as
ancillary agents with the existing antidiabetic medications.
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Abbreviations Used

AA¼ arachidonic acid
ACS¼ acute coronary syndrome

AGEs¼ advanced glycolytic end products
AP-1¼ activator protein 1

C/EBPa¼CCAAT/enhancer-binding protein a
CEdG¼N2-(1-carboxyethyl)-2¢-deoxyguanosine

CANTOS¼Canakinumab Anti-inflammatory Thrombosis
Outcomes Study

CCR5¼C-C chemokine receptor type 5
CFs¼ cardiac fibroblasts

CMPs¼ common myeloid progenitors
CVD¼ cardiovascular disease

CXCL4¼ chemokine (C-X-C motif) ligand 4
DAMPs¼ damage-associated molecular patterns

ENDS¼ elongated neutrophil-derived structures
FMLP¼N-formyl-met-leu-phe

GAPDH¼ glyceraldehyde 3-phosphate dehydrogenase
GLUT-1¼ glucose transporter-1
GM-CSF¼ granulocyte macrophage-colony stimulating

factor

GMPs¼ granulocyte macrophage progenitors
GSDM¼ gasdermin

GSDMD¼ gasdermin-D
GSH¼ reduced glutathione

ICAM-1¼ intracellular adhesion molecule 1
IL-1R¼ interleukin-1 receptor
IL-1b¼ interleukin 1 beta

KLF-5¼Kruppel-like factor 5
LDLs¼ low-density lipoproteins

LoDoCo¼Low Dose Colchicine for Secondary
Prevention of Cardiovascular Disease

Mac-1¼macrophage-1 antigen
M-CSF¼monocyte colony stimulating factor

MI¼myocardial infarction
NE¼ neutrophil elastase

NETs¼ neutrophil extracellular traps
NF-jB¼ nuclear factor kappa-light-chain-enhancer

of activated B cells
NLRP3¼NLR family pyrin domain containing 3

NOX¼NADPH oxidase
ox-LDL¼ oxidized low-density lipoproteins

PAD4¼ peptidyl arginine deiminase 4
PKC¼ protein kinase C
PMA¼ phorbol myristate acetate

RAAS¼ renin/angiotensin/aldosterone system
RAGE¼ receptor for advanced glycation end products

ROS¼ reactive oxidative species
SGLT2i¼ sodium/glucose cotransporter 2 inhibitor

SOD¼ superoxide dismutase
STAT3¼ signal transducer and activator

of transcription 3
TIH¼ transient intermittent hyperglycemia

TLR4¼ toll-like receptor 4
TPO¼ thrombopoietin

VCAM-1¼ vascular adhesion molecule 1
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