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Nuclear Factor-kB is a Prime Candidate for the Diagnosis
and Control of Inflammatory Cardiovascular Disease
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Abstract

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is responsible for the regulation of genes involved in inflammation and
immune responses. NF-kB may play an important role in cardiovascular diseases (CVDs), atherosclerosis and diabetes. Several therapeutic
agents used for the treatment of CVDs and diabetes, such as pimobendan and sodium—glucose cotransporter 2 inhibitors, exert anti-inflammatory
effects by inhibiting NF-kB activation; anti-inflammatory therapy may have beneficial effects in CVDs and diabetes. Several pharmacological
agents and natural compounds may inhibit NF-kB, and these agents alone or in combination may be used to treat various inflammatory diseases.
Immunoglobulin-free light chains could be surrogate biomarkers of NF-kB activation and may be useful for evaluating the efficacy of these
agents. This review discusses recent advances in our understanding of how the NF-«B signalling pathway controls inflammation, metabolism
and immunity, and how improved knowledge of these pathways may lead to better diagnostics and therapeutics for various human diseases.
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Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B)
was discovered in 1986 by Sen and Baltimore! NF-kB is a dimeric
transcription factor, originally found as an inducible B cell-specific factor
that binds to the kB motif in the enhancer of the immunoglobulin light
chain.?2 NF-«B plays a crucial role in the regulation of immune responses
and inflammation.>® NF-kB consists of five proteins: RelA (p65), RelB,
c-Rel, NF-kB1 (p50/p105) and NF-kB2 (p52/p100).2 Heterodimers and
homodimers of the five NF-kB proteins are induced and regulated by
various signals, including bacterial and viral infections, cytokines, growth
factors and different types of stressors.® In resting cells, NF-kB resides in
the cytoplasm, forming a complex with I-kB, which keeps NF-kB in an
inactive state, blocking its translocation to the nucleus, binding of DNA
and regulation of gene expression.?

There are two signalling pathways for the activation of NF-kB: the
classic/canonical and alternative/non-canonical pathways.* The former
is activated by ligands of Toll-like receptors (TLRs), such as
lipopolysaccharide (LPS), interleukin (IL)-1 and tumour necrosis factor
(TNF)-a, or by engagement with T- and B-cell receptors. This pathway
plays an important role in the induction of genes involved in
inflammation, cell proliferation and survival, angiogenesis and tumour
metastasis. The alternative/non-canonical pathway is activated by
lymphotoxin, receptor activator of NF-«B ligand, CD40 ligand and B-cell
activating factor belonging to the TNF family, and plays an essential role
in the induction of genes associated with the development and
maintenance of secondary lymphoid organs.® Targets for classical NF-

kB signalling include genes encoding proinflammatory cytokines,
growth factors, chemokines, chemokine ligands, macrophage
inflammatory protein (MIP)-1a, MIP-2a, macrophage chemotactic factor
(MCP)-1, regulated upon activation, normal T expressed and secreted
(RANTES), matrix metalloproteinases (MMPs), cyclo-oxygenase (COX)-2,
inducible nitric oxide synthase, vascular endothelial growth factor,
vascular cell adhesion molecule (VCAM)-1, intercellular adhesion
molecule (ICAM)-1, E-selectin and inhibitors of NF-kB signalling.?

Recently, cytokines and inflammation have been shown to play an
important role in the pathogenesis and progression of cardiovascular
diseases (CVDs) such as heart failure, ischaemic heart disease,
myocarditis and atrial fibrillation (AF).* Most of the risk factors for CVDs,
such as an unhealthy diet, smoking and infection, induce cellular stress
and inflammation.* NF-kB has been shown to be activated by smoking
and viral infections, including adenovirus, hepatitis B virus (HBV),
hepatitis C virus (HCV), human herpes virus 6 and HIV, some of which
are causes of CVDs.>® Thus, it is suggested that NF-«B is activated in
CVDs. In addition, there is renewed interest in NF-kB because
inflammation is considered to play a significant role in the development
of cancer and ageing.?

This review discusses recent advances in our understanding of how NF-
kB is related to the pathogenesis of CVDs and their risk factors, as well as
how improved knowledge of these factors may lead to better preventive,
diagnostic and therapeutic approaches for these diseases.
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NF-kB in Cardiovascular Disease

Nuclear Factor-kB and Inflammation

in Cardiovascular Diseases

Heart Failure

Heart failure is a clinical syndrome with signs and symptoms that result
from any functional or structural disturbance of ejection or filling of blood
by the ventricle.® Heart failure is considered a disease of the heart
resulting from chronic neurohormonal activation. In the 1950s, C-reactive
protein (CRP) concentrations were shown to be associated with heart
failure, suggesting that inflammation is an important feature of heart
failure.*” Increased blood endotoxin and cytokine concentrations have
been reported in patients with heart failure during exacerbation,
suggesting that endotoxins may activate immune reactions during the
development of oedema.” Thereafter, increased circulating inflammatory
cytokines were confirmed in heart failure by larger clinical studies.*® We
showed that serum concentrations of TNF-a, IL-1a and IL-18 were
increased in patients with myocarditis and that TNF-a levels were
frequently elevated in dilated and hypertrophic cardiomyopathies
Levels of soluble TNF-a and receptors, IL-1 receptor antagonist (IL-1RA),
IL-18, MCP-1, MIP-1a and RANTES have also been shown to be increased
in patients with heart failure and cardiomyopathies.*?

Because NF-kB is activated by endotoxins and cytokines, and this
activation leads to the expression of genes encoding cytokines and
chemokines, among others, it is suggested that NF-kB may play a crucial
role in CVDs and their risk factors, such as atherosclerosis and diabetes.

Ischaemic Heart Disease

Ischaemic heart disease occurs because of thrombotic occlusion of the
coronary arteries as a result of atherosclerosis. The occlusion of arteries
induces recruitment of immune cells to the vessel wall and myocardium.”
Plaque rupture may cause necrosis of cardiomyocytes, which are then
replaced by fibrosis. Inflammation and immune cell infiltration following
cardiomyocyte death are critical for cardiac repair after MI. Optimal
healing includes an inflammatory and reparative phase that forms a stable
scar. In contrast, excessive inflammation and fibrosis lead to cardiac
dysfunction.” In a rat model, the gene expression of TNF-a, IL-18 and IL-6
increased in the infarcted area during the acute stage after coronary
occlusion and declined to baseline levels several months after MI® In
contrast, although the gene expression of cytokines was also increased in
the non-infarcted region during the acute stage, it remained elevated
throughout the chronic stage. The concentration of IL-18 was correlated
with increased collagen deposition in the non-infarcted myocardium
during the chronic stages.® Although timely reperfusion may decrease
tissue damage in MI, reperfusion itself also induces inflammation.
Therefore, therapeutic manipulation is challenging Because NF-kB is
activated by oxidative stress, NF-kB may be activated in M.

Viral Myocarditis

Various viral infections activate NF-kB because viruses encode proteins
that can activate NF-kB.> Mice lacking the p50 subunit of NF-kB are
resistant to encephalomyocarditis virus (EMCV) infection, and the
fibroblasts from these mice show enhanced transcription of interferon
(IFN)-B in response to infection with EMCV.? Thus, the p50 subunit of NF-
kB may decrease transcriptional responses, which has important effects
on response to pathogens in vivo.?

In our study, EMCV activated NF-kB in cultured non-cardiomyocytes, but
did not activate cardiomyocytes in vitro®® The expression of the
proinflammatory  cytokines TNF-a and IL-13 and that of the
immunoregulatory cytokines IFN-y and IL-2 was increased in the heart of

mice during the acute phase, and persisted for several months after viral
infection in a mouse model of EMCV myocarditis.®*" Activation of NF-kB is
considered to play a crucial role in the development of EMCV myocarditis
because agents that inhibit NF-kB activation ameliorated myocarditis, as
discussed below.®

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes
COVID-19. The clinical manifestations of SARS-CoV-2 infection vary from
asymptomatic to respiratory failure, multiple organ failure and death.
Activation of NF-kB has been reported to be involved in the development
of SARS-CoV-2 infection.® Spike protein, its receptor-binding domain or
the integrin-binding tripeptide RGD, translocated NF-kB into the nucleus
of endothelial cells and increased the expression of proinflammatory
cytokines, adhesion molecules, coagulation factors and angiotensin-
converting enzyme 2. Inhibitors of a B -integrin prevented these effects.
Intravenous administration of spike protein in vivo enhanced the
expression of proinflammatory cytokines and adhesion molecules in
various tissues.” These findings showed a direct action of SARS-CoV-2 on
endothelial dysfunction and a B -integrin as a promising target for treating
vascular inflammation in COVID-19.° The main features of life-threatening
cytokine storm syndrome in advanced COVID-19 are spontaneous
haemorrhage, thrombocytopenia and systemic inflammation, which are
associated with elevated levels of circulating cytokines and chemokines.?
We have reported that, in patients with COVID-19, circulating levels of
biomarkers of inflammation, including CRP, IL-6 and immunoglobulin free
light chains (FLCs), and biomarkers of myocyte injury, such as cardiac
troponins and N-terminal pro-brain B-type natriuretic peptide, are
frequently elevated.” The simultaneous increase in biomarkers of both
inflammation and myocardial injury suggests the existence of
myocarditis.*** Because NF-kB may control the expression of FLCs and
IL-6, increased levels of these inflammatory biomarkers may be caused by
NF-kB activation. The systemic approach to inhibiting NF-kB activation
could be a therapeutic intervention for the cytokine storm. Targeted
therapies with proteasome inhibitors, tyrosine kinase inhibitors,
nucleotide analogues, monoclonal antibodies against TNF-q,
N-acetylcysteine and corticosteroids, which inhibit NF-kB, have
demonstrated beneficial effects in patients with severe COVID-19.2°

Myocarditis has been reported to occur in some cases after COVID-19
vaccination.?® A recent study on COVID-19 vaccination showed increased
circulating levels of full-length spike protein unbound by antibodies, but
there was no evidence of excessive antibody or autoantibody production
or concomitant viral infection in these patients.?* Because spike protein
has been shown to activate NF-kB and enhance the production of
proinflammatory cytokines, vaccine-associated myocarditis may be
related to the activation of NF-kB."®

Autoimmune Myocarditis

We showed for the first time that disruption of the programmed cell death
(PD)-1 receptor led to lethal myocarditis in PD-1-deficient mice.” PD-1-
deficient mice showed prominent cardiac enlargement and dilation of the
ventricular cavities, suggesting that the cause of death was heart failure
due to myocarditis.>#* Immune checkpoint inhibitors (ICls) are monoclonal
antibodies against CTLA-4, PD-1 or programmed death-ligand 1 (PD-L1)
and activate the immune system against cancer.?’ Although ICIs are
effective against cancer, ICI therapies can cause immune-related adverse
events due to dysregulation of the immune system, leading to various
organ injuries, including myocarditis resembling autoimmune diseases.?®
Recently, a-myosin was identified as the cognate antigen source for three
major histocompatibility complex-I-restricted T-cell receptors derived
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from mice with fulminant myocarditis.?® a-Myosin-expanded T cells from
the peripheral blood of patients with ICI myocarditis shared T-cell receptor
clonotypes with the diseased heart and skeletal muscles, indicating that
a-myosin may be a clinically important autoantigen in ICI myocarditis.?
These studies clarified the critical role of cytotoxic CD8' T cells, identified
a candidate autoantigen in ICl myocarditis and provided new insights into
the pathogenesis of ICI toxicity.”

AF

AF is the most common arrhythmia, and recent evidence shows that
immune and inflammatory mechanisms play a critical role in its
pathogenesis.***" Myocarditis was found histologically in the atria of
patients with lone AF, and patients with AF showed higher NF-kB activity
and more severe lymphomonocyte infiltration than those with sinus
rhythm ***" These findings suggest the existence of local immunological
and inflammatory responses in the atria of individuals with AF.*'

Inflammasomes play a crucial role in the regulation of immune
responses. NF-kB signalling plays a critical role in the priming phase of
the inflammasome.®  NOD-like-pyrin-domain-containing-protein-3
(NLRP3) is an inflammasome discovered in various cell types.®
Inflammasomes regulate immune responses, and their activation
involves priming and triggering. Macrophage infiltration and increased
concentrations of active caspase-1and NLRP3 have been shown in the
atria during chronic and postoperative AF, suggesting that activation of
the NLRP3 inflammasome may play a role in AF.* Mechanisms that
regulate NF-kB and inflammasome signalling may play critical roles in
the development of inflammation in AF. Further investigations regarding
NF-kB and inflammasome signalling could identify novel regulatory
mechanisms that could help with the development of new diagnostic
and therapeutic interventions.>%

Atherosclerosis

Atherosclerosis is the most common contributing factor to ischaemic
heart disease and stroke and is considered a chronic inflammatory
disorder.’

Oxidised LDL triggers the immune response and can activate both innate
and adaptive immune responses.® Chronic inflammation results in plaque
formation or plaque erosion in advanced atherosclerosis, leading to
ischaemic events. Single-cell studies have shown a high heterogeneity of
leucocytes in atherosclerotic lesions.®® In addition, recent evidence
indicates that atherogenesis is a multiorgan process to which the bone
marrow and spleen contribute.¥” The presence of clonal haematopoiesis
of indeterminate potential has been suggested as a risk factor for CVD.*®

NF-kB contributes to many processes involved in atherosclerotic plaque
formation. NF-kB activation enhances the expression of genes, including
TNF-a, IL-1B, IL-6, MCP-1, and ICAM-1, which initiate and promote
atherosclerosis. NF-kB is detected in the nuclei of macrophages in
atherosclerotic lesions, suggesting that NF-kB activation is associated
with atherogenesis.*® Many genetic studies have shown a critical role for
NF-kB in the pathogenesis of atherosclerosis, in which cell-specific
actions coordinate its initiation, progression and resolution.®

The benefits of targeting inflammation in atherosclerosis in humans were
demonstrated in the Cantos trial, in which treatment with canakinumab,
an antibody targeting IL-13, improved clinical outcomes in patients with a
history of ML* In addition, clinical trials have shown that the anti-
inflammatory agent colchicine reduces the risk of cardiovascular events in

patients with recent Ml or coronary artery disease.” Thus, NF-kB inhibition
is a promising intervention for the prevention of atherosclerosis and its
sequelae.

Diabetes: A Risk Factor for Cardiovascular Diseases
The end products of absorbed advanced glycation and lipid oxidation are
linked to obesity and inflammation.* In addition, high-glycaemic foods
increase oxidative stress, which activates inflammatory genes.* Physical
inactivity increases the risk of diabetes, and excessive visceral adipose
tissue triggers inflammation.*** Circulating CRP, IL-1B, IL-6 and IL-1RA are
elevated and are predictive biomarkers for type 2 diabetes. The
production of TNF-a is increased in adipose tissues by obesity, and TNF-a
antagonists improve insulin sensitivity.* Macrophages may release IL-18,
IL-6, IL-33 and TNF-q, and it is now well known that inflammation plays a
crucial role in insulin resistance.* Mice heterozygous for IkB kinase
(IKKB) are protected against insulin resistance, and salicylates, which may
target IKKB directly, were reported to inhibit insulin resistance in skeletal
muscle.*

Ageing and Nuclear Factor-kB

Ageing is a major risk factor for CVD. Environmental factors, such as
overnutrition, smoking and a sedentary lifestyle, may lead to premature
disturbances in mitochondrial function, insulin signalling, endothelial
homeostasis and redox balance that foster early senescence.* Molecular
investigations have shown that common signalling networks may link the
ageing process with deterioration of cardiovascular homeostasis and
metabolic disturbances. Suppression of NF-kB in the endothelium has
been demonstrated to prolong lifespan and improve obesity-induced
insulin resistance in the endothelium of mice.” Overexpression of the
inhibitory NF-kB subunit IkBa in the endothelium of transgenic mice
protected against insulin resistance in adipose tissue and skeletal muscle
and reduced obesity-induced macrophage infiltration of adipose tissue
and circulating markers of oxidative stress.”

Furthermore, age-dependent NF-kB activation is associated with systemic
inflammation and impaired endothelium-dependent dilation.”® NF-kB is a
potent mediator of age-induced myocardial inflammation and fibrosis.*
These findings suggest that NF-kB could be a preventive and therapeutic
target for CVD in the elderly.

Immunoglobulin Free Light Chains as

Biomarkers of Nuclear Factor-kB Activation

NF-kB, as its name indicates, was originally found to enhance the
transcription of genes of the kappa light chain of immunoglobulin in B
cells!? Therefore, increased circulating FLCs have been suggested as
biomarkers of NF-kB and B-cell activation in many inflammatory and
autoimmune conditions? FLCs appear in the circulation as excess by-
products of antibody synthesis by B cells and plasma cells.*® Polyclonal
FLCs have been shown to be predictors of mortality in the general
population.®” FLC k was increased and the FLC /A ratio was higher in
patients with rheumatic diseases than in healthy controls.®® FLCs have
been correlated with disease activity in inflammatory and autoimmune
diseases, suggesting their role as potential therapeutic targets.*

We found that circulating and cardiac FLCs were increased in a murine
model of viral myocarditis and heart failure due to EMCV.>* We also
showed that circulating FLC A was increased, whereas the FLC k/A ratio
was decreased in patients with myocarditis with heart failure compared
with healthy controls, and that the FLC /A ratio was an independent
prognostic factor for overall survival.*
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Figure 1: Effects of Pimobendan on NF-kB In Vitro and In Vivo
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pimobendan significantly decreased mortality (p<0.02 compared with control). C: Effect of pimobendan on the production of IL-18, IL-6 and TNF-a in the hearts of mice 7 days after EMCV inoculation.
TNF-a and IL-1B concentrations were significantly lower in the hearts of pimobendan-treated mice than in the control group. *p<0.001, **p<0.01 compared with control. D: Effects of pimobendan on
adjuvant arthritis in a rat model. Complete Freund’s adjuvant was injected into the hind plantars to induce inflammation. Pimobendan was then administered for 28 days. Pimobendan dose-dependently
decreased the degree of toe swelling. Data are presented as mean+SEM EMCV = encephalomyocarditis virus; IL = interleukin; NF-kB = nuclear factor-«kB; Pimob = pimobendan; PMA = phorbol myristate
acetate; TNF-a = tumour necrosis factor-a. Sources: A: Matsumori et al. 2000.%® Reproduced with permission from Elsevier. B,C: Iwasaki et al. 1999.%° Reproduced with permission from Elsevier.

In patients with lone AF, circulating FLC k and A levels were significantly
higher than in a healthy volunteer group.* The mechanism by which FLCs
cause AF is not yet fully understood, but the inflammation associated with
FLCs may directly induce AF or FLCs may cause a change in membrane
fluidity, which, in turn, could alter ion channel function.***

Individuals with type 2 diabetes have a lower FLC /A ratio than healthy
volunteers, and the sensitivity and specificity of the FLC k/A ratio for the
diagnosis of diabetes were higher than those of HbATc.*® These results
suggest that FLCs may be a potentially promising biomarker of
inflammatory diseases, such as CVD and diabetes, in which NF-kB
activation plays a critical role in their pathogenesis.

Modulation of NF-kB Activation in

the Management of Cardiovascular

Disease and Its Risk Factors

Pimobendan

Phosphodiesterase (PDE) Il inhibitors, originally developed as heart
failure drugs, improve left ventricular function due to their positive
inotropic and vasodilator effects.®® Although the short-term effects of
PDE Ill inhibitors were beneficial, multicentre clinical trials of several PDE
Il inhibitors failed to show an improvement in long-term outcomes.*®
However, pimobendan was effective in both acute and chronic heart
failure, especially in low doses.” Compared with other PDE Il inhibitors,
pimobendan has the unique additional property of increasing the affinity
of cardiac contractile proteins for calcium.®” We investigated the effects of
pimobendan and other inotropic agents, including PDE Ill inhibitors, on

the activation of NF-kB and found that pimobendan suppressed the
expression of luciferase protein in human lung A549 cells transfected with
the NF-kB reporter plasmid and stimulated with IL-18, TNF-a or phorbol
12-myristate 13 acetate.®® Electrophoretic mobility shift assays also
showed that pimobendan inhibits NF-kB activation. Thus, pimobendan
has a unique property of inhibiting NF-kB, which may be independent of
PDE inhibition.®

In addition, we investigated the effects of pimobendan in vivo in a murine
model of heart failure due to EMCV myocarditis, finding that pimobendan
improved survival and decreased inflammatory lesions of the heart
(Figure 1. The therapeutic effect of pimobendan appeared to be
mediated by inhibition of the production of TNF-a, IL-18, IL-6 and nitric
oxide. Thus, pimobendan may be beneficial for the treatment of viral
myocarditis, as well as other diseases in which the enhanced production
of cytokines plays a pathogenic role and in which NF-kB activation
contributes to the pathogenesis. In a preliminary study, we found that
pimobendan decreased inflammation in adjuvant arthritis in rats
(Figure 1D), and decreased CRP levels in patients with heart failure with
rheumatoid arthritis (unpublished data).

It is important to know that pimobendan is a potent NF-«B inhibitor that is
available and is being used for patients with heart failure in Japan without
serious adverse effects;* thus, it can be used for other diseases in which
NF-kB plays a critical role in the pathogenesis and pathophysiology. The
reason why European and US clinical trials of pimobendan failed to show
beneficial long-term outcomes in heart failure may be the use of high
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Figure 2: Effects of SUN C8079, a NF-kB Inhibitor, on EMCV Infection /n Vitro and In Vivo
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Matsumori et al. 2004." Reproduced with permission from Wiley.

doses.® In a successful trial, pimobendan was used at a lower
(approximately one-quarter) dose.”” These findings suggest that the
dosage of a NF-kB inhibitor will be critically important for the treatment of
diseases in which NF-kB is activated.

SUN C8079

Several inhibitors of NF-kB activation have been described and most have
been shown to be effective in vitro, but the therapeutic applications of
these inhibitors have not been successful because they cause adverse
effects. We investigated the NF-kB inhibitor SUN C8079, which was
discovered by random screening (Figure 2)® SUN C8079 inhibited NF-kB
activation induced by LPS in vitro. In addition, treatment of mice with
SUN C8079 decreased the production of TNF-a induced by LPS and
improved survival. The mechanism of NF-kB inhibition appeared to be
downstream of signal transduction in the nucleus because SUN C8079
inhibited NF-kB activation as late as 3 h after stimulation.® It did not block
the direct binding of NF-kB to the consensus oligonucleotide. However,
the target of SUN C8079 inhibition remains to be identified.®

As discussed previously, mice lacking the p50 subunit of NF-kB are
resistant to EMCV infection, and fibroblasts from mice lacking p50 have
enhanced induction of IFN-@ transcription following infection with EMCV.?
Therefore, the p50 subunit of NF-kB may downregulate transcriptional
responses that have important consequences on the in vivo response to
pathogens.? In our study, EMCV activated NF-kB in cultured non-
cardiomyocytes. In a murine model of EMCV myocarditis, SUN C8079

improved the mortality and decreased cellular infiltration, myocardial
necrosis and the expression of TNF-a and IL-18 in the heart without a
significant effect on viral replication (Figure 2).®

We tested the hypothesis that inhibition of NF-kB activation reduces the
expression of proinflammatory molecules and attenuates atherosclerosis
in hyperlipidaemic mice. In that study, SUN C8079 significantly suppressed
the expression of adhesion molecules and reduced the atherosclerotic
area in mice (Figure 3).%° Thus, SUN C8079 is a promising NF-kB inhibitor,
but further studies are needed to develop it as a therapeutic agent for
human diseases.

Antidiabetic Agents

Low-grade chronic inflammation has been reported to be associated with
diabetes, atherosclerosis, hypertension and obesity.®' Several therapeutic
agents for diabetes have been shown to have anti-inflammatory actions,
and some anti-inflammatory therapies may, conversely, affect glucose
metabolism.*

Sodium-Glucose Cotransporter 2 Inhibitors

Large cardiovascular trials have shown that sodium—glucose cotransporter
2 (SGLT2) inhibitors improve cardiovascular and renal outcomes in
patients with diabetes. SGLT2 inhibitors reduce the production of
proinflammatory cytokines and inflammation in adipose tissue.®’
Canagliflozin, an SGLT2 inhibitor, has been shown to decrease circulating
levels of IL-6, TNF receptor 1, fibronectin 1 and MMP7, and to improve
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Figure 3: Effects of SUN C8079 on the Expression of Proinflammatory Molecules
and Atherosclerosis in Hyperlipidaemic ApoE-Deficient Mice
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inflammation and fibrosis.®* Empagliflozin may have beneficial effects by
repleting  AMP kinase activation-mediated energy and reducing
inflammation.® SGLT2 inhibitors promote polarisation of M2 macrophages
with an anti-inflammatory phenotype, and decrease the production of
proinflammatory cytokines in mice.®® Recent studies have shown that the
anti-inflammatory effects of empagliflozin are due to the inhibition of NF-
kB by downregulation of the IKK/NF-kB, mitogen-activated protein kinase
kinase (MKK)/c-Jun N-terminal kinase (JNK) and Janus tyrosine kinase
(JAK) 2/signal transducer and activator of transcription (STAT) 1 pathways
in macrophages.®

The precise molecular mechanisms underlying the inhibition of NF-«B
by SGLT2 inhibitors remain to be clarified, but the anti-inflammatory
action of SGLT2 inhibitors may contribute to their beneficial effects in
both diabetes and heart failure. Further studies on the effects of SGLT2
inhibitors on inflammatory diseases in which NF-kB is activated are
required.

Metformin

In a large-scale treatment trial of newly diagnosed patients with diabetes,
metformin was shown to decrease the neutrophil-to-lymphocyte ratio, a
marker of systemic inflammation. In a heart failure trial without diabetes,

metformin decreased circulating levels of cytokines and chemokines.®
These findings indicate that metformin has anti-inflammatory effects in
patients with and without diabetes.®

Many studies have shown that metformin can block the NF-kB signalling
pathway in macrophages. Metformin attenuated the LPS-stimulated
phosphorylation of p65 and JNK1 and the upregulation of
proinflammatory cytokine levels.”  Metformin also inhibited the
translocation of NF-kB to the nucleus and reversed the LPS-induced
reduction of apolipoprotein E expression in macrophages. Metformin
can dose-dependently inhibit the IL-13-stimulated release of IL-6 and
IL-8 by human smooth muscle cells, macrophages and endothelial
cells.®® Inhibition of the nuclear translocation of NF-kB occurs through
the phosphatidylinositol 3-kinase/Akt pathway.®

Dipeptidyl Peptidase 4 Inhibitors

Dipeptidyl peptidase (DPP)-4 is a transmembrane glycoprotein known as
CD26 that is expressed in endothelial cells, lymphocytes and
macrophages. DPP-4 regulates the actions of cytokines and chemokines,
and is involved in T-cell activation. DPP-4 inhibitors suppress the actions
of IL-1, TLR4, NLRP3 inflammasomes and macrophages.®® Sitagliptin and
other DPP4 inhibitors reduce the expression or activity of subunit of IkB
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Figure 4: Induction and Regulation of NF-«kB
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NF-kB is induced by various signals, including bacterial and viral infections, cytokines, growth
factors and various stressors, such as oxidative stress and oxidised LDL. In resting cells, NF-kB
resides in the cytoplasm, forming a complex with I-«B, which keeps it in an inactive state. When
activated, NF-kB translocates to the nucleus, binds DNA and then regulates gene expression.
Targets for NF-kB signalling include genes encoding proinflammatory cytokines, growth factors,
chemokines, cyclo-oxygenase and inducible nitric oxide synthase. Pimobendan, SUN C8079,
SGLT2 inhibitors, metformin, DPP-4 inhibitors, GLP-1 receptor agonists, pycnogenol, resveratrol,
curcumin and other agents have inhibitory actions against NF-kB. COX = cyclo-oxygenase, DPP-4i
= dipeptidyl peptidase 4 inhibitor; GLP-1= glucagon-like peptide-1; NF-kB = nuclear factor-«kB;
OxLDL = oxidised LDL; SGLT2i = sodium—glucose cotransporter 2 inhibitor.

kinase, JNK1, TNF-a, TLR2, TLR4 and the chemokine receptor CCR2.°
Gemigliptin has been shown to have anti-inflammatory effects by
downregulating the IKK/NF-kB, MKK7/JNK and JAK2/STAT1 pathways in
macrophages.”

Glucagon-Like Peptide 1 Receptor Agonists

Glucagon-like peptide-1 (GLP-1) receptor agonists inhibit NF-kB activity
and reduce inflammatory biomarkers, such as reactive oxygen species,
the expression of IL-18, TNF-a, JNK1, TLR2, TLR4 and SOCS-3 in
mononuclear cells and circulating concentrations of IL-6, MCP-1, MMP-9
and serum amyloid A"

Natural Compounds

Several studies have shown that dietary components such as polyphenols,
terpenes, alkaloids and phenolics from different fruits and vegetables
have anti-inflammatory effects. NF-kB has been shown to be the target of
most of these compounds.” There is increasing interest in investigating
non-toxic natural compounds with fewer side effects for the treatment of
cancer. Several studies have indicated that some natural compounds can
inhibit NF-kB and may be useful adjuvants for immune-based cancer
therapies.”

Pycnogenol

Pycnogenol (PYC), a natural plant extract derived from the bark of French
maritime pine (Pinus pinaster ssp atlantica), is a source of flavanols and
phenolic and cinnamic acids.” The anti-inflammatory effects of PYC have
been demonstrated in in vitro and ex vivo studies using human plasma
following intake of PYC, in which PYC intake decreased NF-kB activation
and COX-1, COX-2 and phospholipase A, activity.” In another study, PYC
inhibited NF-kB activation and decreased the induction of TNF-a, ICAM-1
and VCAM-1 gene expression.*”

We showed that PYC inhibited the replication of EMCV both in vitro and in
vivo in mice, and improved inflammation and preserved myocardial tissue
by decreasing necrosis.™

Administration of PYC significantly inhibited the gene expression of
proinflammatory cytokines and inhibited the expression of mast cell-
related tryptase and stem cell factor. PYC has shown antiviral effects
against HCV and synergistic effects with IFN-a or ribavirin in vitro.* In vivo
investigations in HCV-infected chimeric mice revealed that PYC inhibited
HCV replication. The addition of PYC to HCV replicon cell lines resulted in
a dose-dependent reduction in the production of reactive oxygen
species.* A double-blind placebo-controlled study involving patients with
HBV infection showed that circulating HBV levels were reduced and
hepatic function was improved after PYC administration.*

Resveratrol

Resveratrol has been shown to improve cardiovascular function in diabetic
rats.”> Resveratrol has shown beneficial effects in heart failure by
improving left ventricular function, remodelling and interstitial fibrosis.”
Resveratrol inhibited NF-kB activation, decreasing circulating TNF-a and
IL-6 levels, MIP-2 and COX-2 activity and the production of reactive
oxygen species in a rabbit model of acute pharyngitis.”® Resveratrol
modulates the inflammatory response within intestinal cells by
downregulating NF-kB activation and preventing mitochondrial
dysfunction in vitro.”” This result was confirmed in vivo (rodents and
humans), whereby resveratrol inhibited NF-kB activation and TNF-a
production, decreased neutrophil infiltration in the intestinal mucosa and
repressed intestinal tumour genesis.® Resveratrol suppressed the TLR4/
MyD88/NF-kB signalling pathway in lysophosphatidylcholine-induced
damage and inflammation,”® which may be useful for the prevention of
atherosclerosis. Thus, resveratrol can prevent inflammation and oxidative
stress and may be promising as an anti-inflammatory agent for CVD to
improve quality of life and reduce the risk of carcinogenesis.

Curcumin and Others

Nutraceuticals are known to suppress NF-kB activity by modulating
several steps, such as IKK activation, IkBa phosphorylation and
degradation, p65 nuclear translocation, p65 phosphorylation and
acetylation and p65 DNA binding.” Curcumin, derived from the golden
spice turmeric, is known to modulate the production and activity of
inflammatory molecules.”® The most common nutraceuticals known to
inhibit NF-kB activation include curcumin, capsaicin and caffeic acid
phenethyl ester.® Curcumin and capsaicin are known to prevent the
phosphorylation and degradation of IkBa, which is a central point in NF-
kB activation.® In addition to anticancer effects, nutraceuticals are also
known to have beneficial effects in other inflammatory diseases. Oral
administration of curcumin produces beneficial effects in patients with
uveitis and rheumatoid arthritis, as demonstrated in clinical trials.®

Most natural products have merits for use without much concern about
adverse effects because nutraceuticals and their sources have been
consumed since ancient times, and their safety has been well tested.
Nutraceuticals can modulate multiple cell signalling pathways. Therefore,
natural products could be used in combination with other pharmacological
agents. Clinical trials using these agents with inhibitory effects on NF-kB
merit further study in various inflammatory diseases.

Conclusion
Inflammation has been shown to play animportantrole in the pathogenesis
and progression of CVDs such as heart failure, ischaemic heart disease,
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myocarditis and AF. Most of the risk factors for CVDs, such as an unhealthy
diet, smoking and infection, induce cellular stress and inflammation.

Because NF-kB is activated by factors that increase the inflammatory
response and this activation leads to the expression of several genes,
such as those encoding cytokines and chemokines, NF-kB may play an
important role in CVDs, including heart failure and myocarditis, and CVD
risk factors, such as atherosclerosis and diabetes (Figure 4). In addition,
there is renewed interest in NF-kB because inflammation is considered to
play a significant role in the development of cancer and ageing.?

It is clear that NF-kB inflammatory pathways promote CVDs, diabetes,
cancer, ageing and other diseases, and may be the target of preventive
and therapeutic strategies. Although inhibitors of specific NF-kB
pathways are not yet clinically available, progress has been made in the
development of more selective anti-NF-kB pharmaceuticals and in
understanding the effects of existing therapies on the NF-kB pathway.
Several therapeutic agents used for CVDs and diabetes, such as
pimobendan, SGLT2 and DPP-4 inhibitors, and GLP-1 receptor agonists
may exert anti-inflammatory effects by inhibiting NF-kB activation
(Figure 4). Conversely, some anti-inflammatory agents that inhibit NF-kB
have beneficial effects on CVDs and diabetes. Despite great
expectations following the early development of NF-kB inhibitors for the
treatment of inflammatory diseases and cancer, very few of these

molecules have reached advanced phases in clinical trials. This is due
either to modest efficacy or severe adverse effects.

Although considerable efforts have been made to develop specific NF-«B
inhibitors, none of the inhibitors has been approved clinically owing to
drug toxicity. Some pharmacological agents and natural compounds that
are commercially available without serious adverse effects have an
inhibitory effect on NF-kB. These agents, alone or in combination, may be
used for the prevention and treatment of various inflammatory diseases in
which the NF-kB pathway plays a role. Clinical trials are required to
confirm the efficacy of these agents. Because NF-«B activation is tissue or
organ specific, the inhibitory action of the NF-kB pathway varies
depending on the agent.

Measurement of NF-kB activity is not possible in vivo, and there has been
no way to evaluate the efficacy of NF-kB inhibitors. FLCs could be
surrogate biomarkers of NF-kB activation and may be useful for evaluating
the efficacy of NF-kB inhibitors for CVDs and diabetes.

Improved knowledge of the NF-kB pathway in various diseases may lead to
the development of better preventive, diagnostic and therapeutic strategies
for various human diseases in which inflammation may play a crucial role in
the pathogenesis: not only cardiovascular and metabolic diseases, but also
in autoimmune diseases, cancer and neurological diseases. [
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