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Abstract

Cytokines are small, membrane-bound, protein-based cell signaling mole-
cules that aid cell-to-cell communication in physiological and pathological
processes. TNF-a is a pleiotropic cytokine that is regarded as a principal
cytokine in the acute and chronic phases of the immune and inflammatory
responses. TNF-a has been demonstrated to play a role in neuroplasticity
and myelination, as well as excitotoxicity, neuroinflammation, and damage
to the blood-brain barrier. The involvement of TNF-a in the etiology of Par-
kinson’s disease, both in its early and late stages, Alzheimer’s disease, mul-
tiple sclerosis, and coronary artery disease has been substantiated using
both experimental models and clinical studies. TNF also plays a key role in
cardiovascular disease, initiating a cascade of inflammatory and vascular
responses. The aim of this study was to clarify the molecular mechanisms of
TNF action and the effects of its secretion in selected diseases.

Key words: TNF-a, cytokines, central nervous system, neuroinflammation,
multiple sclerosis, Parkinson’s disease, dementia, coronary artery disease,
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Introduction

Cytokines are molecules with the ability to regulate numerous phys-
iological and pathological processes in living organisms. The number of
newly discovered cytokines continues to grow, and the need to system-
atize them has led to their classification into several basic groups, includ-
ing interferons, chemokines, hematopoietic cytokines, tumor necrosis
factor (TNF) superfamily cytokines, and some growth factors. The basic
properties of cytokines are their ability to affect different cell popula-
tions in multiple directions (pleiotropism) and redundancy: the ability of
different cytokines to exert the same biological effect [1]. The complex
pathway of interactions has led to the concept of a “network of cyto-
kines” within which individual elements can act antagonistically, or — by
simultaneously affecting effector cells — produce a synergistic effect.

Civilization-related diseases, such as cardiovascular disease and neu-
rodegenerative disorders, present significant therapeutic challenges in

Creative Commons licenses: This is an Open Access article distributed under the terms of the Creative Commons

Attribution-NonCommercial-ShareAlike 4.0 International (CC BY -NC -SA 4.0). License (http://creativecommons.org/licenses/by-nc-sa/4.0/).

*Corresponding author:

Department of Biochemistry,
Pomeranian Medical

Powstancow Wielkopolskich 72
70-111 Szczecin, Poland
E-mail: monika.rac@pum.

AMS



Marta Biatecka, Monika Biatecka, Anna Machoy-Mokrzyfiska, Damian Malinowski, Monika Ra¢

the 215t century. Despite numerous clinical ob-
servations and experimental studies, our under-
standing of the pathogenesis of Parkinson’s dis-
ease (PD), stroke, and dementia and consequently
their treatment, remains inadequate. The inflam-
matory process, along with pro-inflammatory cy-
tokines, is thought to be a key factor in both the
development of vascular lesions and the ensuing
neuronal death. Therefore, this study aimed to
consolidate existing knowledge about TNF-o in
relation to two of the most prevalent civilization
diseases: neurodegenerative and cardiovascular
conditions. Additionally, this paper highlights the
importance of TNF-a. in the context of the patho-
physiology and treatment of one of the common
demyelinating diseases — multiple sclerosis (MS).

The importance of pro-inflammatory cytokines,
including TNF-a, in the pathogenesis of many
diseases is unquestionable. For instance, TNF-a
overexpression has been associated with the clin-
ical figures of various autoimmune and inflam-
matory disorders, including rheumatoid arthritis,
psoriasis, and inflammatory bowel diseases. From
a clinical point of view, blocking TNF signaling is
currently the most effective therapeutic approach.
Therefore, it is difficult to imagine treatment of
the diseases listed above without drugs such as
infliximab, etanercept, adalimumab, or golimum-
ab [2]. Although inflammation is a recognized
residual cardiovascular disease (CVD) risk factor,
the knowledge, diagnosis, and management of
inflammation-related CVD risk among health-
care professionals remain limited. Nevertheless,
they are crucial before targeted therapies become
widely available [3].

In accordance with the above, this study aims to
systematize knowledge of the synthesis, structure,
and molecular regulatory mechanisms mediated
by TNF. Given the associated clinical risks, we focus
on some of the most common diseases of civiliza-
tion today: neurodegenerative and cardiovascular
diseases. Although the tumor necrosis factor su-
perfamily may not seem to be an obvious choice,
it is well established that inflammatory processes
underlie the pathogenesis of these conditions.

Molecular basis of TNF

The tumor necrosis factor superfamily (TNFSF)
and tumor necrosis factor receptor superfami-
ly (TNFRSF) contain 19 ligands and 29 receptors,
respectively. The similar chemical structure of the
ligands and the resulting similar affinity with dif-
ferent receptors determine the collective involve-
ment of the proteins in question in the regulation
of physiological and pathophysiological processes
associated with, among other things, prolifera-
tion, activation, and maturation of immune cells
as well as apoptosis [4]. One of the most frequent-

ly studied representatives of the aforementioned
superfamily is TNF. The tumor necrosis factor,
which corresponds to the TNF-a form in the ma-
jority of published literature, is primarily produced
by macrophages and monocytes in response to
contact with bacterial cell wall lipopolysaccharides
(LPS). The intensity of TNF-a synthesis can be il-
lustrated by the following relationship: during LPS
stimulation, the level of mRNA for the TNF gene
in macrophages increases 100-fold, while the
amount of protein increases up to 10,000 times
[5]. For the sake of clarity, it should be noted that
tumor necrosis factor B (TNF-B), formerly known
as lymphotoxin, is a substance produced by acti-
vated lymphocytes. The effects of TNF-B in both
physiological and pathological conditions remain
poorly understood.

Regulation of TNF gene expression

The TNF gene is rapidly transcribed in a variety
of cell types following exposure to a wide range
of pathogens and signals of stress or inflamma-
tion. Regulation of TNF gene expression at the
transcriptional level is cell type and stimulus spe-
cific and involves the recruitment of distinct sets
of transcription factors to a compact and modu-
lar promoter region. The 5’ UTR of the TNF gene
contains a proximal promoter region of approxi-
mately 200 nucleotides upstream of the mRNA
cap site. The TNF gene promoter is sufficient to
drive transcription in response to a variety of stim-
uli, including T cell and B cell activation, calcium
ionophore, bacterial LPS, viral infection, Mycobac-
terium tuberculosis and osmotic stress. TNF mRNA
is transcribed within minutes and is independent
of de novo protein synthesis. The TNF promoter
contains a TATA box and cis-acting elements that
are binding motifs for transcription factors: nu-
clear factor of activated T cells (NFAT), cyclic AMP
response element (CRE) and Egr, Ets/Elk, and Sp1
factors. The CRE binding site is a critical regulatory
element of the TNF gene in all cell types and under
all conditions tested so far [6, 7]. LPS induce TNF
expression in macrophages. Several studies have
identified signaling pathways that are activated
by LPS, including activation of nuclear factor-xB
(NF-kB) and activation of mitogen-activated pro-
tein kinases (MAPKs), including ERK1 and ERK2,
c-Jun N-terminal kinase, and p38. The importance
of extracellular signal-regulated kinasel (ERK1)
and ERK2 activation is important for LPS-induced
TNF-o production. The ERK signaling pathway is
causally involved in the synthesis of TNF-a by hu-
man monocytes stimulated with LPS [8-10].

TNF-a is a pleiotropic cytokine. From a chemi-
cal perspective, the precursor of the soluble form
of TNF is a transmembrane protein with a molec-
ular weight of 26 kDa. In response to a multitude
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of stimulation signals, this protein is subject to
the TNF-a. converting enzyme (commonly referred
to as TRAY or ADAM 17), which ultimately results
in the secretion of the soluble form of TNF-a
(sTNF-a) with a molecular weight of 17 kDa [11].
sTNF-a. occurs in an active (trimeric) and inactive
(monomeric) form.

TNF gene

TNF-a synthesis is modified by genetic factors,
especially by variation within the TNF gene. The
TNF gene is located on the shorter arm of chromo-
some 6 at p21.3, in close proximity to the genes of
the major histocompatibility complex (MHC) [12].
The TNF gene structure is consistent with that ob-
served in other genes, comprising four exons. The
final exon accounts for 80% of the sequence en-
coding TNF-a.. Notably, a portion of the TNF gene
sequence is identical to that of other cytokines,
including interleukin-1 (IL-1) and interferon-y
(IFN-y). The promoter region is distinguished by
considerable variability. Consequently, the ma-
jority of single nucleotide polymorphisms (SNPs)
identified in the TNF gene are within its promoter
region. Results from experimental model studies
and clinical observations suggest that selected
SNPs of the TNF gene influence the susceptibil-
ity to various human diseases and/or their se-
verity [13-15]. The most studied functional SNPs
in the promoter of the TNF gene include -308G
>A (rs1800629), -1031T >C (rs799964), -863C
>A (rs1800630), and -857C>T (rs1799724) [16].

TNF receptors and their regulation

TNF-a interacts with cells through one of two
receptors, currently designated as tumor necrosis
factor receptor 1 (TNFR1) or tumor necrosis fac-
tor receptor superfamily, member 1a (TNFRSF1A),
formerly p55 or p60, and tumor necrosis factor
receptor 2 (TNFR2) or tumor necrosis factor recep-
tor superfamily, member 1b, formerly 75 or p80
(TNFRSF1B).

TNFR1, also known as the death receptor, in
contrast to TNFR2, which is typical of cells with
a nucleus, is expressed on all cell types in the body
and has a similar affinity with the membrane and
soluble forms of TNF-a. TNFR2, which is mainly
found on endothelial cells and immune cells in-
cluding lymphocytes and macrophages [11], is
stimulated by the membrane form of TNF-a.. Cur-
rently, studies are being carried out to assess the
mode of stimulation and functions of each recep-
tor; however, our brief characterization of both
receptors suggests that the clinical effects result-
ing from their stimulation vary. Primarily, TNFR1,
in response to the stimulatory signal of TNF-q,
promotes cell death and the inflammatory pro-

cess, whereas binding of TNF to TNFR2 promotes
cell survival and tissue regeneration. Interesting-
ly, from a clinical perspective, cell survival is not
always beneficial for the patient. Studies have
shown that overexpression of TNFR2 in cancer
cells leads to tumor growth [17, 18].

TNFR receptor proteins consist of three do-
mains: extracellular, transmembrane, and cyto-
plasmic. Each of these domains has a different
biological role [19]. Both types of receptors, TNFR1
and TNFR2, have cysteine-rich extracellular do-
mains capable of binding a ligand, but their intra-
cellular domains are strikingly different.

The activation of TNFR1 by TNF-a results in the
stimulation of four characteristic molecular complex-
es. The cytoplasmic ‘death domain,” which is char-
acteristic of TNFR1, recruits the adaptor molecule
TNFR1-associated death domain protein (TRADD),
which stimulates subsequent signaling proteins
such as receptor-interacting serine/threonine-pro-
tein kinase 1 (RIPK1), cellular inhibitor of apoptosis
protein 1 or 2 (clAP1/2), TNFR-associated factor 2
or 5 (TRAF2/5), and the linear ubiquitin chain as-
sembly complex (LUBAC). As a result, this signaling
pathway stimulates IkB kinase (I kappa B kinase or
IKK) activity, which triggers a cascade of processes
related to the activation of the NF-xB (nuclear factor
kappa B) transcription factor and the MAPK (phos-
phorylating kinase complex) pathway [2]. This path-
way is crucial in stimulating the immune response
and inflammation, by affecting, among other things,
expression of the genes responsible for synthesizing
pro-inflammatory cytokines such as IL-6, IL-1B, and
TNF-a itself [20] (Figure 1).

Another complex is divided into two structural-
ly and functionally compatible lla and Ilb systems.
The process is analogous and begins with the
stimulation of TRADD (TNF-alpha receptor-asso-
ciated death domain) and Fas-associated protein
with death domain (FADD). The remaining com-
ponents of the aforementioned complex are TNF
receptor-associated factor (TRAF2), RIPK1, clAP1/2
and procaspase-8. Complex Ilb is similar to Ila, but
additionally contains RIPK3 (receptor-interacting
serine/threonine-protein kinase 3). The formation
of this complex is regulated independently by the
long isoform of FLICE-like inhibitors of protein
(FLIPL) that plays a dual role in the activation of
caspases and the process of apoptosis. Stimula-
tion of complexes Ila and IIb may also block ne-
crosis. However, the primary effect that they exert
appears to be apoptosis (Figure 1).

Another complex, llc, formed by RIPK1 and
RIPK3, stimulates FLIPL-mediated mixed lineage
kinase domain-like protein (MLKL), which leads to
necroptosis. Apoptosis is different from necropto-
sis. In the latter, there is a rupture of the plasma
membrane, release of intracellular contents into
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Figure 1. TNF-a signaling pathways. TNF-o. binds to the membrane-bound receptors TNFR1 or TNFR2, leading to
inflammation, apoptosis, or necroptosis through the formation of signaling complexes |, Ila, Iib, and llc

the extracellular space, and, ultimately, a local in-
flammatory response [21, 22]. TNFR2 lacks a cyto-
plasmic death domain sequence which is present
in FADD. Therefore, the stimulation does not direct-
ly result in cell death. As with TNFR1, the impact
of combining the transmembrane form of TNF-a
with the TNFR2 receptor varies depending on the
activated pathways. TNFR2 forms a complex with
TNFR, TRAF1, and TRAF2, as well as with clAP1 and
clAP2. This complex has been observed to interact
with the NF-xB inducing kinase (NIK). The function
of the kB inhibitor kinase is phosphorylation of IKK.
The IKK complex comprises a number of catalytic
units that are essential for the correct progression
of the phosphorylation process. One potential
pathway for NF-kB synthesis involves stimulation
of the TNFR2 receptor by TNF-a and NIK activation,
which subsequently affects the IKK complex. The
IKKB subunit phosphorylates 1kB inhibitors, which
results in the activation of NF-xB. This leads to
translocation of NF-xB to the cell nucleus, where it
binds to specific sequences within the promoter re-
gions of target genes, including A20, clAP-1, clAP-2,
and Bcl-xL[23, 24]. Furthermore, TNFR2 stimulation
may lead to the phosphorylation of endothelial/ep-
ithelial protein tyrosine kinase (ETK/BMX), which is
associated with vascular endothelial growth factor
receptor 2 (VEGFR2). This results in stimulation of
the PI3K/AKT pathway — phosphoinositide 3-kinase

(PI3K)/protein kinase B (AKT) —which is responsible
for regulating cell survival and proliferation.

TNF signaling goal

The outcome of TNFR1-TRADD and TNFR2 sig-
naling is cell survival or death, contingent on the
stimulated signaling pathway and cell type. How-
ever, the above information suggests that TNFR2
is primarily involved in processes such as prolif-
eration, regeneration, and survival of cells and
tissues [25, 26]. Importantly, stimulation of TNFR2
increases the activity of regulatory T lymphocytes
and stimulates production of IL-2, which reduces
potential autoimmunity and the inflammatory
process by inhibiting Th17 cell differentiation. In
addition to its effect of stimulating cell survival
and proliferation, TNFR2 has also been demon-
strated to induce cell apoptosis. This is a con-
sequence of the presence of common elements
(e.g. receptors) which are part of two previously
described pathways (TRAF and c-IAF) [26, 27]. This
fact restricts the potential for using drugs with
non-selective affinity for both receptor types.

The role of TNF in the inflammatory
process

TNF-a is regarded as a principal cytokine in the
acute and chronic phases of the immune and in-
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Figure 2. Diseases associated with increased levels of TNF-a

flammatory responses. As previously stated, the
primary stimulus for the synthesis of TNF-a in
macrophages is the lipopolysaccharides present in
the bacterial cell wall. Furthermore, the factors re-
sponsible for the observed increase in TNF-a con-
centration include INF-y and IL-1, while IL-4, IL-10,
PGE2 (prostaglandin E2), and glucocorticoids have
been identified as inhibitors of secretion.

The fundamental effect that TNF-a exerts on
the immune system is to increase the cytotoxic-
ity of eosinophils, macrophages, and monocytes
as well as the phagocytic capacity of neutrophils
[2, 28]. Furthermore, the cytokine in question
enhances proliferation and differentiation of T
lymphocytes, B lymphocytes, and NK cells. Given
its integral role within the network of cytokines,
TNF-a has the ability to stimulate synthesis of
INF-y, IL-1, and IL-6. Additionally, as a result of
autocrine stimulation, TNF-o itself undergoes
an increase in concentration [29]. Furthermore,
TNF-o. exerts a direct effect on endothelial cells,
leading to the increased expression of adhesion
molecules and chemokines that are essential for
the accumulation of white blood cells at the site
of inflammation. It also induces expression of the
molecules in the major histocompatibility com-
plex (MHC I and MHC 1I).

The onset of acute inflammation gives rise to
a cascade of cytokine and chemokine synthesis,
attracting immune cells, predominantly neutro-
phils, to the site of damage. It is now well estab-
lished that the process of acute inflammation
is typically self-limiting, due to the inhibition of
pro-inflammatory cytokine synthesis and stim-
ulation of anti-inflammatory protein activity.
Inappropriate regulation within the network of
cytokines may result in chronicization of the in-
flammatory process, which may in turn give rise
to neurodegenerative processes within the cen-
tral nervous system (CNS), an elevated risk of car-

cinogenesis, or cardiovascular complications [16,
30] (Figure 2).

The pro-inflammatory effect of TNF-a is associ-
ated with the activation of NF-xB, which is synthe-
sized in almost all cell types. The NF-«xB factor is
currently the subject of considerable interest due
to the possibility of pharmacological modification
of its synthesis. For the sake of clarity and coher-
ence, it is necessary to delineate various synthesis
pathways, including the canonical and non-ca-
nonical NF-xB pathway [31]. It is beyond dispute
that NF-xB plays a role in both physiological and
pathological processes. Its activity can result in
both protection (increased survival, proliferation,
synaptic plasticity) and cell damage. Considering
mainly the pathophysiological dimension, TNF-a
activates NF-kB, which leads to the expression of
inflammatory genes responsible for the synthesis
of proteins such as cyclooxygenase-2 (COX-2), lip-
oxygenase-2 (LOX-2), cell adhesion molecules, in-
flammatory cytokines, chemokines, and inducible
nitric oxide synthase (iNOS) [31] (Figure 3).

The association of TNF with diseases of the
central nervous system

The central nervous system is the site at which
TNF-o both exerts cytoprotective effects and stim-
ulates apoptosis. A significant number of studies
currently being conducted using experimental
models and clinical observations are primarily fo-
cused on the efficacy of drug treatments that aim
to reduce the biological effects of TNF-a. TNF-a
has been demonstrated to play a role in neuro-
plasticity and myelination, as well as excitotoxici-
ty, neuroinflammation, and damage to the blood-
brain barrier [32-34]. The widespread use of
drugs that block the synthesis of TNF-a limits the
pleiotropic effects of this cytokine. Although an-
ti-TNF-a therapy has been successfully introduced
in the treatment of neurosarcoidosis, it has been
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Figure 3. TNF-a pro-inflammatory effect. TNF-a activates NF-kB, which leads to the expression of inflammato-
ry genes: cyclooxygenase-2 (COX-2), lipoxygenase-2 (LOX-2), cell adhesion molecules, inflammatory cytokines,

chemokines, and inducible nitric oxide synthase (iNOS)

observed that blocking its synthesis in patients
with MS may, paradoxically, result in exacerbation
of the disease. There is evidence that that intrave-
nous treatment of MS patients with the anti-TNF
antibody may lead to intrathecal immune activa-
tion and may therefore be harmful for MS patients
[35, 36]. Similarly, administration of TNF-a. in ex-
perimental autoimmune encephalomyelitis (EAE)
mice has been shown to exacerbate the course of
the disease [20].

TNF-a should be treated as a cause of neuro-
logical diseases. The results indicate that TNF-a
induces neurological dysfunction. TNF-a-induced
brain dysfunction and disease are caused by
necroptosis and microglial activation in hippo-
campal neurons. TNF-a is an important cytokine
involved in various homeostatic and pathogenic
bioactivities [37]. The dualistic nature of TNF-a is
particularly evident in the central nervous system.
As detailed in Table I, this cytokine is involved in
both inflammatory processes and cell death. It
also plays a key role in maintaining homeostasis
of the central nervous system by affecting glial cell
proliferation and neuronal function. TNF-a plays
a special role in regulating survival of oligoden-
drocyte cells as well as formation and repair of
myelin. This explains the limited use of drugs that
reduce synthesis or the biological activity of TNF-a
in patients with multiple sclerosis.

Parkinson’s disease

Parkinson’s disease (PD) is the second most
common neurodegenerative disease after Alzhei-
mer’s disease (AD). The estimated prevalence of
PD is 0.3% in the general population and 1.0%
and 3.0%, respectively, in people older than 60
and 80. A special group of patients is those with
early-onset Parkinson’s disease (EOPD), defined
as PD with age at onset (AAO) after age 21 years
but before the typical AAO for PD. Consensus is
lacking, and the reported maximal age for EOPD
has varied from 40 to 60 years [38]. The etiology
of PD is not well established. For several decades,
environmental factors were considered primarily

responsible for disease development. However,
recent studies have demonstrated that PD has
a substantial genetic component, probably caus-
ing or influencing at least 10% to 25% of cases,
more commonly in younger patients. Therefore,
the new concept of PD as an “eco-genetic” dis-
ease assumes an influence of environmental and
genetic factors coinciding with the aging process
[39]. Indeed, a family history of PD is reported in
20% of patients with EOPD versus 6.9% of pa-
tients with later onset PD, and the age-specific
risk of PD is 7.8-fold higher in the relatives of pa-
tients with EOPD compared with 2.9-fold among
the relatives of patients with later onset PD [38].
Recent findings have identified inflammation as
a potential factor contributing to PD development.
It was hypothesized that genetically determined
differences in immune system function, especially
anti- and pro-inflammatory cytokine production,
might influence the risk of sporadic PD develop-
ment and/or onset [40, 41]. Of particular interest
within the group of pro-inflammatory cytokines is
TNF-o.. The involvement of TNF-a in the etiology
of PD, both in its early and late stages, has been
substantiated using both experimental models
and clinical studies [42]. TNF-a. and TNFR recep-
tors are responsible for the activation of two inde-
pendently running pathways. As previously stated,
each can result in apoptosis or an increase in the
expression of numerous anti-apoptotic genes [43].
In PD, the negative effect of the cytokine on the
survival and function of neurons appears to be
predominant. The results of studies using exper-
imental models showed a significant increase in
the concentration of mRNA for TNF-a in the sub-
stantia nigra (SN) of rats treated in vivo with the
most commonly used experimental neurotoxin
MPTP  (1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine) [44]. TNF-a. not only induced inflammato-
ry responses but was also involved in the main-
tenance of the inflammatory process that had
already been initiated. This is demonstrated by
the sustained elevation of the cytokine in ques-
tion one year following the administration of the
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Table 1. Biological effects of TNF-a on the central nervous system

Biological effect

Physiological effect
(TNFR1 stimulation)

Synaptic plasticity

¢ Increased expression of AMPA and NMDA
receptors

¢ Increased release of glutamates and S100B
protein from astrocytes

¢ Decreased GABA expression

Physiological effect
(TNFR2 stimulation)

Oligodendrocytes

¢ Proliferation
¢ Maturation
¢ Remyelination

Pathophysiological effect
(TNFR1 stimulation)

Microglia

¢ Increased secretion of pro-inflammatory
cytokines
¢ Increased synthesis of TNF-a and glutamate

Excitotoxicity stimulated by an
imbalance between excitatory
neurotransmitters (glutamate) and
inhibitory neurotransmitters (GABA)

permeability

Disorders of blood-brain barrier

AMPA — amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, NMDA — N-methyl-D-aspartate receptor, GABA A — gamma-

aminobutyric acid A receptor.

neurotoxin. One of the mechanisms proposed as
a potential cause of the neurodegeneration char-
acteristic of parkinsonism is the impact of TNF-a
on the functions of microglia. TNF-a activates mi-
croglia, which leads to a progressive loss of do-
paminergic neurons in the SN [45]. As shown by
clinical studies, low concentrations of TNF-a. in the
brains of healthy adults are observed in contrast
to high concentrations of TNF-a and the soluble
form of the TNFR1 receptor in the cerebrospinal
fluid as well as the SN obtained from the brains
of patients diagnosed with PD [44-46]. Dopamine
neurons in the substantia nigra of the brain ex-
hibit a high degree of sensitivity to the effects of
TNF-a. TNF-a0 can activate microglia in the inter-
brain, stimulate the inflammatory response, and
exacerbate oxidative stress through ROS- and
NO-dependent mechanisms.

Elevated levels of TNF-a have been detected in
the substantia nigra of patients with PD and atyp-
ical parkinsonism. Elevated levels of TNF-a have
also been found in the cerebrospinal fluid of peo-
ple with REM sleep behavior disorder [45, 47, 48].
This is a particularly interesting observation giv-
en that rapid eye movement sleep behavior dis-
order (RBD) is considered a non-motor manifes-
tation of prodromal synucleinopathy [49]. TNF-a
levels may also influence the progression of the
disease. Menza et al. reported that TNF-a levels
were positively correlated with cognitive impair-
ment, depression, and disability in patients with
PD [50]. Furthermore, Wang et al. investigated the
correlation between plasma levels of inflamma-
tory cytokines as well as alpha-synuclein (o-syn)
and fatigue in patients with PD. The study includ-
ed 63 patients with PD, 35 patients with symp-
toms of fatigue and 28 patients without clinical

symptoms of fatigue. In addition to factors related
to disease progression, stage, and older age, the
authors demonstrated that plasma levels of the
cytokines IL-1p, IL-18, TNF-a, and phosphorylated
o-syn (p-a-syn) were positively correlated with
the results on the Fatigue Severity Scale 9 (FSS-9).
Furthermore, a higher score on the Parkinson’s
Fatigue Scale 16 (PFS-16) was associated with el-
evated levels of TNF-a and p-a-syn in plasma. The
findings suggest a potential correlation between
elevated TNF-a. and p-a-syn levels in plasma and
the onset of fatigue in individuals with PD [51].

The confirmation of the relationship between
TNF-o. and the risk of PD, as well as the progres-
sion of the disease, presents an opportunity for
pharmacotherapy with drugs that block the activ-
ity of the cytokine in question. The findings of the
research studies that have been published to date
are encouraging. For example, Peter et al. found
that the use of TNF inhibitors was associated with
a 78% reduction in the likelihood of PD (incidence
rate 0.22; 95% Cl: 0.05, 0.88) [52]. The study was
conducted on a group of 144,018 individuals di-
agnosed with inflammatory bowel disease (IBD),
matched for age and sex with a control group of
individuals unaffected by IBD, who were treated
with adalimumab, certolizumab, golimumab, and
infliximab.

The pathogenesis of diseases of the central
nervous system, including PD, is a complex pro-
cess. In addition to environmental factors, there
is evidence to suggest that genetic predisposition
also affects the risk and progression of PD. Results
from genetic studies investigating the variability
of genes encoding TNF-a. and TNFR activity remain
inconclusive [53, 54]. Although there are isolated
reports of neuroprotective effects associated with
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high concentrations of TNF-a, the cytokine gen-
erally exerts an opposing effect to that of IL-10 in
the majority of processes occurring in the human
body. Genetically determined inter-individual dif-
ferences in cytokine production may be at the root
of differences in the progression of the inflamma-
tory process [55, 56]. TNF gene polymorphism,
specifically the -308G >A variant, which has been
most extensively studied in the Caucasian pop-
ulation, is associated with differences in the ex-
pression of the encoded protein. The -308A vari-
ant allele increases the transcriptional activity of
the gene compared to the more common G allele,
which may clinically correspond to the severity
or dysregulation of inflammatory responses. The
study by Nishimura et al. on a group of patients
with sporadic PD showed that SNP -1031T>C,
-863C >A and -857C>T may influence the risk
and age of developing PD in oriental populations
[56]. In patients with EOPD, the frequency of the
-1031C allele, which is associated with increased
transcriptional activity and TNF-a. concentration,
was significantly higher compared to patients
with late-onset Parkinson’s disease (LOPD) and
healthy subjects. Furthermore, the -1031C allele
and the -1031CC genotype were identified as risk
factors for PD [5]. It is noteworthy that the -1031C
allele, which is associated with increased TNF-a
synthesis in oriental population patients, corre-
sponds phenotypically to the -308A variant of the
-308G >A polymorphism, which is prevalent in the
Caucasian population.

Subsequent research by Kang et al. investigat-
ed similar issues, focusing on the genetic vari-
ability of TNFRSFIA, which is responsible for the
expression of the TNFR1 receptor [57]. The aim
of the study was to assess the association be-
tween selected genetic variants of the gene en-
coding the TNFR1 receptor and the development
of PD. Previous research had linked the effect of
pharmacological blockade of TNFR1 signaling
during anti-TNF therapy to genetically determined
TNFRSFIA variability. Using genome-wide associ-
ation study (GWAS) data from the International
Parkinson’s Disease Genomics Consortium and
23andMe, Inc, the effects of TNF-TNFR1 inhibition
on PD risk and age at onset of PD were investigat-
ed in relation to genetic variants associated with
lower levels of circulating C-reactive protein. De-
spite the large number of controls analyzed, the
importance of inhibiting TNF-TNFR1 signaling in
preventing or delaying the onset of PD symptoms
was not confirmed.

Alzheimer’s dementia

Alzheimer’s disease (AD) is one of the most
common forms of dementia. A typical pathological
feature of AD is the accumulation of B-amyloid (AB)

plaques and neurofibrillary tangles. The pathoge-
netic model under consideration fails to account for
a substantial proportion of the clinical and patho-
logical variability observed in the disease. Conse-
quently, further hypotheses have been formulated,
of which one suggests that chronic inflammation
within the CNS may be a significant contributing
factor to the development and progression of the
disease [58]. Hypotheses of AD pathophysiology
also include amyloid cascade, inflammation, vascu-
lar, and infection factors [59, 60].

In the CNS, TNF-a is secreted by various cell
types, mainly microglia. Due to the complex inter-
actions of TNF-o. with other cytokines, this factor
plays a key role in the regulation of numerous
physiological and pathophysiological changes
in the brain. Primarily, TNF-a exerts an effect of
increasing synaptic transmission by both direct
and indirect means, including the additional re-
lease of glutamate from astrocytes. By activating
pathways associated with NF-kB, it is involved in
regulating neuronal function in the key areas of
the brain that regulate sleep [61]. TNF-a is a ma-
jor pro-inflammatory cytokine that stimulates pro-
duction of IL-1, IL-6, and IL-8, promoting chronic
inflammation, especially when the production of
pro-inflammatory cytokines is not balanced by an-
ti-inflammatory cytokines such as IL-10 [62].

The importance of TNF-a in the pathogene-
sis of AD has been confirmed in clinical studies
and experimental models, in the context of both
beta-amyloid and tau protein [63]. Experimen-
tal studies have shown that TNF-a increases the
expression of myeloid precursor protein (APP)
and B-site amyloid precursor protein cleaving
enzyme-1 (BACE1) in mouse astrocytes. Further-
more, it has been demonstrated that it stimulates
the activity of y-secretase in HEK cells, thus releas-
ing AB peptides [64]. The splitting of microglia,
a phenomenon observed in dementia, has been
shown to facilitate production of TNF-a.. This, in
turn, sustains the persistence of chronic inflam-
mation, thereby stimulating the synthesis of AB
and subsequently contributing to the loss of neu-
rons. Recently, a new concept has emerged linking
the triggering receptor expressed on myeloid cells
2 (TREM2) to the role of TNF-a in the pathology
of AD. TREM2 is found in various tissue macro-
phages, such as CNS microglia, bone osteoclasts,
alveolar, peritoneal, and intestinal macrophages.
TREM2 is also present on cultured bone mar-
row-derived macrophages and monocyte-derived
dendritic cells. Some researchers have identified
a rare variant of TREM2 that is a risk factor for
AD [65]. TREM2 has been reported to bind to pro-
teins with a strong tendency to aggregate and ac-
cumulate in neurodegenerative diseases, such as
B-amyloid and supports the microglial response to
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AB plaques [66]. Guerreiro et al. and Jonsson et al.
demonstrated the association between variability
in the gene encoding TREM2 expression and the
risk of late-onset sporadic AD. The authors indi-
cated that heterozygous hypomorphic variants of
TREM2, mainly TREM2R47H, increase the risk of
AD [67, 68]. Impaired receptor function is respon-
sible for the limited ability of microglia to encase
AB plaques, leading to the spread of B-amyloid
accumulation, severity of neurotoxicity, and the
progression of the disease. At present, studies are
being carried out to assess the efficacy of TREM2
agonists in the treatment of AD [69].

Clinical studies of patients with mild cognitive
impairment (MCl) showed higher levels of TNF-a
and tau protein and lower levels of AB42 and the
anti-inflammatory cytokine transforming growth
factor B (TGF-B) in patients with MCI compared
to the control group [70]. In addition, the authors
observed an association between elevated levels
of TNF-a in the cerebrospinal fluid and the conver-
sion of MCl to AD. However, this observation was
not confirmed in recent research by Fu et al. [71].

Clinical evidence for the importance of TNF-a
in the pathogenesis of CNS diseases, including AD,
is provided by observational studies of patients
with systemic inflammatory diseases treated with
TNF-a inhibitors [72, 73]. Zhou et al. published the
results of a retrospective clinical study based on
the medical records of 56 million adult patients
[72]. The aims of the study were to investigate the
association between inflammatory diseases and
AD dementia and to determine whether the drugs
that block tumor necrosis factor functions, used in
patients with rheumatoid arthritis (RA), psoriasis
and other inflammatory diseases, affect the risk of
AD. The study demonstrated an elevated suscep-
tibility to AD development among the study group
of patients, with those diagnosed with RA, inflam-
matory bowel disease, or Crohn’s disease exhibit-
ing the highest risk (p < 0.0001). Importantly, the
use of drugs that target TNF-a. may influence the
development of dementia. Etanercept, adalim-
umab, and infliximab were associated with a sig-
nificantly lower risk of AD in patients with RA. In
patients with psoriasis, this association was only
confirmed for etanercept and adalimumab. This
study may provide a basis for further clinical trials
of drugs in this class, with a potentially protective
mechanism of action, particularly in patients with
inflammatory diseases who are predisposed to
developing dementia.

The current evidence suggests that the clinical
efficacy of drugs in this class is more significant
in patients with inflammatory conditions. For ex-
ample, Chen et al. found cognitive improvement
in elderly patients with RA following the adminis-
tration of etanercept and adalimumab. Conversely,

etanercept exerted a minimal impact on the core
symptoms in patients with mild and moderate AD
[74, 75]. There is little interest in the use of this
group of drugs, and currently no clinical trials are
being conducted [https://clinicaltrials.gov/]. This
may be related to the pharmacokinetic proper-
ties of this class of drugs. The limited efficacy of
subcutaneous anti-TNF-a therapies for AD may
be attributed to the high molecular weight of an-
ti-TNF-o. monoclonal antibodies, which presents
a challenge in their crossing the blood-brain barri-
er under physiological conditions.

Neuroinflammatory diseases

Neuroinflammation is a common pathological
characteristic of several CNS disorders. It is char-
acterized by the activation of glial cells, demye-
lination, and neurodegeneration. In autoimmune
diseases of the CNS, TNF-a. is a key inflammatory
cytokine that regulates peripheral and local im-
mune responses. Its involvement in excitotoxicity
and neuroinflammation highlights its impact on
CNS pathophysiology and emphasizes its multi-
faceted roles in regulating cellular responses and
inflammatory processes within the CNS. Neuroin-
flammatory diseases encompass a range of condi-
tions, including neurosarcoidosis, neuro-Behget’s
disease — a systemic inflammatory vasculitis of
unknown origin — and MS. However, given the
breadth of this subject, this article will focus solely
on multiple sclerosis.

Multiple sclerosis

MS is an autoimmune demyelinating and neu-
rodegenerative disease of the CNS. The most
well-known concept of MS is based on the co-oc-
currence of genetic susceptibility and a specific
immune system response against its own anti-
gens, which occurs in response to environmental
factors. The signal that initiates demyelination is
the activation of CD4+ T lymphocytes in response
to myelin antigens. Myelin proteins are presented
by antigen-presenting cells (APC) in combination
with the MHC class Il antigens. Subsequent steps
involve the passage of autoreactive T lymphocytes
to the CNS and differentiation into subclasses
showing pro-inflammatory (Th1 and Th17) or an-
ti-inflammatory (Th2) activity [76, 77]. Proinflam-
matory cytokines, including TNF-a, IFN-y, IL-2, IL-
17, are involved in the activation of microglia and
B lymphocytes, as well as the influx and stimu-
lation of peripheral monocytes and macrophages.
This briefly outlined pathway of pathophysiologi-
cal changes indicates the importance of cytokines,
including TNF-g, in the initiation and propagation
of the autoimmune process that characterizes de-
myelination in the progression of MS.
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Clinical studies of patients with multiple scle-
rosis have shown a correlation between both the
severity of symptoms and the progression of the
disease and elevated levels of TNF-a in the ce-
rebrospinal fluid [78]. However, a double-blind,
placebo-controlled phase 2 study of 168 patients
with relapsing-remitting MS treated with len-
ercept showed exacerbation of the disease. The
study revealed that patients treated with lener-
cept (p55 tumor necrosis factor receptor fusion
protein) exhibited a significantly higher incidence
of disease exacerbation at the 48-week mark
compared to those receiving placebo (p = 0.007).
However, treatment had no influence on the Ex-
panded Disability Status Scale (EDSS) score in
either group after 24 weeks of treatment and at
the final clinical assessment [79]. The explanation
for the above observation should be sought in the
results of studies conducted using animal models.
It has been suggested that chronic inhibition of
TNF-a may enhance the T lymphocyte response to
a specific antigen. Paradoxically, drugs that inhibit
TNF-a activity may enhance the pro-inflammatory
activity in the CNS as well as increasing survival
of peripheral myelin-autoreactive T lymphocytes.
Furthermore, drugs based on this mechanism of
action may result in a reduction of IL-10 levels and
an increase in IL-12 and IFN-c, thereby creating
a profile comparable to that observed in patients
with multiple sclerosis [80, 81]. Another theory is
that the distribution of TNF-a levels between the
CNS and peripheral tissues is dysregulated (high-
er levels in the CNS due to the impermeability of
the blood-brain barrier). The non-selective inhibi-
tion of TNF-a activity by affecting two receptors
(TNFR1 and 2) may be considered potentially
harmful for patients with multiple sclerosis. This
is also confirmed by a study conducted on a group
of patients with rheumatic diseases in whom an-
ti-TNF-o therapy resulted in the occurrence of de-
myelinating lesions [82].

Drugs that non-selectively inhibit TNF-a bind-
ing to the receptor and inactivate its effect limit
transmembrane interaction with both TNFR1 and
TNFR2. As mentioned above, TNFR2 plays an im-
portant role in the proliferation of immature oli-
godendrocytes, remyelination, and inhibition of
autoreactive CD4+ T lymphocytes. Although some
studies have questioned the role of anti-TNF-a
drugs in the demyelinating process [82, 83], until
drugs that selectively block TNFR1 activity are de-
veloped, drugs in this group should be used with
great caution, especially in the case of MS comor-
bidity with rheumatological diseases. Another
issue is the risk of inflammatory central nervous
system diseases in patients receiving anti-TNF
therapies. The results of a systematic review and
meta-analysis of 18 studies, including more than

1 million patients with autoimmune diseases,
were published by Xie et al. recently [84]. The
incidence rates of new-onset inflammatory CNS
events after initiating anti-TNF therapies ranged
from 2.0 to 13.4 per 10,000 person-years, and
overall, exposure to this treatment was associat-
ed with a 36% increased risk of any inflammatory
CNS disease compared to conventional therapies
(RR = 1.36; 95% Cl: 1.01-1.84; I* = 49%) with
similar risk across different types of autoimmune
diseases and TNF inhibitors. The role of TNF-a in
neurology diseases is summarised in Table II.

The association of TNF with cardiovascular
diseases

The pathogenesis of cardiovascular diseases
involves many conventional risk factors, such as
dyslipidemia, hypertension, obesity, diabetes, and
smoking, as well as emerging risk factors, includ-
ing genetics factors. Studies have shown that in-
flammation plays a role in the pathophysiology of
atherosclerosis and CAD and is increasingly seen
as a new modifiable cardiovascular risk factor. In-
flammatory markers are important mediators in
the multi-step cascade of atherosclerosis, which
finally leads to the rupture of the atherosclerotic
plaque [85].

Coronary artery disease

In Western societies, coronary artery disease
(CAD) is associated with high morbidity and mor-
tality and has therefore become a major public
health challenge [86]. The pathogenesis of ath-
erosclerosis is multifactorial and diverse. It is as-
sociated with the activation of several signaling
pathways through inflammatory or mechanical
damage to the vascular endothelium, thus mobi-
lizing the body’s immune processes and involving
pro-inflammatory cytokines [87, 88].

Furthermore, there is increasing recognition of
inflammation as a novel modifiable risk factor for
cardiovascular disease. TNF is a well-established
pro-atherosclerotic factor [89]. Binding of TNF to
its receptor (TNF-R1 or TNF-R2) on the surface
of the cell membrane leads to the activation of
cytokine production and initiation of the arachi-
donic acid cascade. This increases the intracellular
concentration of free radicals and stimulates the
liver to produce acute phase proteins and adipose
tissue to produce adiponectin [90]. As a pro-in-
flammatory cytokine, TNF can be produced by
cardiomyocytes. This occurs under unfavorable
hemodynamic conditions, excessive pressure, or
volume load. Consequently, it can lead to myo-
cardial metabolic dysfunction, reduced peripheral
blood flow, left ventricular dysfunction or its re-
construction [91]. The precise mechanism through
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Table Il. Summary of selected studies investigating the role of TNF-a in neurology

Disease

Experimental model/clinical trials
Findings

Reference

Parkinson’s disease

Experimental study
A significant increase in TNF-a. mRNA levels in the substantia nigra (SN) of
rats treated in vivo with experimental neurotoxin MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine).

44

Parkinson’s disease

Clinical trials
Low concentrations of TNF-a in control group in contrast to high
concentrations of TNF-a and the soluble form of the TNFR1 receptor in the
cerebrospinal fluid as well as the SN obtained from the brains of patients
diagnosed with PD.
Increased serum levels of STNFR1 in PD patients; no differences in TNF-a and
STNFR2 levels between PD and control groups.

46

47

Parkinson’s disease

Clinical trial
TNF-o serum levels positively correlated with cognitive impairment,
depression, and disability in PD patients.

50

Parkinson’s disease

Clinical trial
A higher incidence of PD was observed among patients with inflammatory
bowel disease than among individuals without IBD. Early exposure to anti-
inflammatory anti-TNF therapy was associated with substantially reduced
PD incidence.

52

Parkinson’s disease

Clinical trial (GWAS-based study)
The findings do not suggest that TNF-TNFR1 signaling inhibition prevents or
delays PD onset.

57

Alzheimer’s disease

Clinical trial
Increased production of the proinflammatory cytokine TNF-a and decreased
production of the anti-inflammatory cytokine TGF-B in cerebrospinal fluid
patients with mild cognitive impairment (MCI) at risk of developing AD.

70

Alzheimer’s disease

Clinical trial
The study showed an elevated susceptibility to AD development among
patients diagnosed with RA, inflammatory bowel disease, or Crohn’s disease.
For RA and psoriasis, treatment with a biologic drug that targets TNF
correspondingly is associated with decreased risk for AD.

72

Multiple sclerosis

Clinical trial
Mean serum TNF-a levels were significantly higher in patients with MS than
control group. TNF-a levels were found to be negatively correlated with the
Expanded Disability Status Scale (EDSS) score.

78

Multiple sclerosis

Clinical trial
The study revealed that patients treated with lenercept (p55 tumor necrosis
factor receptor fusion protein) exhibited a significantly higher incidence of
disease exacerbation at the 48-week mark compared to placebo group.

79

CNS inflammatory
diseases

Clinical trial
Anti-TNF therapies were associated with a 36% increased risk of any CNS
inflammatory disease compared to conventional therapies (RR = 1.36;
95% Cl: 1.01-1.84; I> = 49%) with similar risk across different types of
autoimmune diseases and TNF inhibitors.

84

which TNF exerts this effect remains unclear. An
inverse correlation was observed between TNF
and the E/A ratio [92]. In contrast, in patients with
atrial fibrillation, the level of TNF correlates with
the volume of the left atrium, which is a reliable
indicator of diastolic function. Higher plasma TNF
concentrations are associated with a higher risk
of left ventricular hypertrophy and therefore may
be a potential risk factor for diastolic dysfunction
in patients with early CAD [93, 94]. TNF levels
are also inversely correlated with ejection frac-
tion [95] and QT prolongation, even in patients

without heart failure. TNF is responsible for this
phenomenon through the stimulation of reactive
oxygen species (ROS). The “electric storm” of re-
current ventricular arrhythmias observed in heart
diseases is also associated with elevated levels
of this cytokine [96]. TNF levels measured 48 h
after a cardiovascular episode have been shown
to have a sensitivity of 78% and a specificity of
72.5% in predicting the occurrence of ischemic
cardiovascular incidents, including angina, re-in-
farction, heart failure, and death [97, 98]. It has
been demonstrated that the likelihood of death
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can be predicted by the degree of TNF elevation,
which reduces myocardial contractility in patients
with heart failure by disrupting intracellular calci-
um homeostasis [99]. Studies have also shown an
association between elevated levels of inflamma-
tory markers, including TNF-a, with the severity of
CAD and the likelihood of future cardiovascular
occurrences. This phenomenon can be attribut-
ed to the adaptive immune response of the body,
which is caused by the prolonged retention of
plasma lipoproteins and subsequent oxidative
modification. This ultimately leads to endothelial
damage. Recruited immune cells coordinate early
atherosclerotic lesions by releasing pro-inflam-
matory cytokines, thereby accelerating foam cell
formation, and ultimately promoting coronary
syndrome through various inflammatory cascades
[100]. Pericardial adipose tissue represents a small
yet distinctive depot of fat, situated in close prox-
imity to the cardiac muscle and coronary arteries.
This proximity allows for the penetration of cells
and proteins into the surrounding tissues [101].
TNF-a, derived from epicardial adipocytes, is the
major mediator of local inflammation in several
areas surrounding coronary arteries in patients
with advanced CAD [102]. Coronary artery bypass
graft (CABG) surgery, which is used to save the life
of people CAD, can also induce an inflammatory
response, release cytokines, including TNF and
lead to complications [103]. It is established that
mean TNF levels in blood serum are significant-
ly higher in patients with arterial hypertension
and patients with acute myocardial infarction or
stroke [104, 105]. Increases in circulating pro-in-
flammatory cytokines in patients with heart fail-
ure, particularly TNE may reduce NO (nitric oxide)
synthesis by reducing the expression of endotheli-
al synthase of nitric oxide — a key enzyme involved
in NO production. NO, however, acts as a regulator
of muscle tension in the vascular endothelium/
muscularis mucosae system. It is also an inhibitor
of adhesion, platelet aggregation, and angiogene-
sis [106]. TNF promotes hypercholesterolemia and
hypertriglyceridemia by reducing the lipoprotein
lipase activity in adipocytes, prolonging low-densi-
ty lipoprotein (LDL) retention in vascular walls and
activating NF-kB and peroxisome proliferator-ac-
tivated receptor gamma (PPAR-y) [107, 108]. The
atherosclerotic effect of TNF inhibits high-den-
sity lipoprotein (HDL) and reduces cytokine re-
lease [109, 110]. In general, inverse associations
have been observed between ApoAl, HDL-C, and
ApoA1/HDL-C ratios and levels of inflammatory
markers, including TNF-a. Furthermore, statins
have been demonstrated to reduce TNF levels in
plasma[111-113]. This is of particular importance
in the case of patients with coronary artery dis-
ease. An inverse relationship between HDL and

TNF-a levels has also been observed in patients
with cerebrovascular ischemia [114, 115].

There is a dearth of publications documenting
the strong statistical relationship between cyto-
kines and measurements of atherosclerotic vas-
cular lesions in Doppler studies. It is established
that the concentration of soluble TNF receptors
in serum is significantly correlated with the thick-
ness of atherosclerotic plaques [116-118] and
that the expression of TNF receptors on mono-
cytes is positively related to the thickness of the
inner and middle carotid artery [119]. In elderly
patients, the length, thickness, and number of ca-
rotid atherosclerotic plaques, as well as TNF levels
in plasma, decrease after they are treated with
statins [120]. In contrast, in cultured endothelial
cells, the neuropeptide catestatin (an endogenous
nicotine cholinergic antagonist) inhibited the TNF-
a-induced expression of adhesion molecules and
inflammatory cytokines by activating angioten-
sin-2 converting enzyme (ACE2). Administration
of the drug reduces interaction of leukocytes with
the endothelium and acts as a pleiotropic cardio-
protective hormone [121].

Inflammation plays an important role in ath-
erosclerosis and CAD. Cytokines produced by im-
mune cells, such as TNF-a, can be the target of
therapeutic and anti-inflammatory molecules.
The main anti-inflammatory therapies are aspirin,
statins, colchicine, IL-1pB, and IL-6 inhibitors, and
new therapies such as TNF-a inhibitors and IL-1
receptor antagonists. Aspirin and statins reduce
TNF levels, but TNF inhibitors are not yet used in
clinical practice. The effects of TNF-a inhibitors
such as infliximab, etanercept, and adalimumab
on atherosclerosis have been investigated in pre-
clinical studies. Infliximab reversed TNF-a-induced
endothelial dysfunction. Etanercept may prevent
TNF-induced endothelial cell apoptosis, while
adalimumab may improve endothelial function
and inflammation in patients. A meta-analysis
of epidemiological and randomized control trials
found that patients on anti-TNF therapy had a re-
duced risk of cardiovascular events, but this effect
was not significant [100, 122-127].

CAD is a multifactorial disease in which many
predictors are known, but new research is emerg-
ing on their dependence on signaling pathways.
The introduction of new drugs, such as TNF in-
hibitors, must therefore consider the complexity
of metabolic interactions [128]. Increased PCSK9
expression in the liver is positively associated with
TNF-0, but a recent study reported no significant
effects on leukocytes, monocytes, or neutrophils
and no significant reduction in TNF-a after treat-
ment with PCSK9 antagonists [129]. Different
classes of drugs commonly used in the treatment
of CAD have been shown to have different effects
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on inflammatory biomarkers. However, the cur-
rent knowledge on inflammation and cardiovas-
cular risk points to the importance of diagnostic
criteria and evaluation of the anti-inflammatory
and pro-inflammatory profile of the main treat-
ment used in CAD therapy for clinicians [123, 130].
Knowledge of the inflammatory basis of CAD has
not yet been supported by several large, controlled
intervention trials. Selective TNF inhibitors may
have led to unknown complications. A follow-up
study is needed to improve their safety. A further
trial investigating the efficacy of anti-inflamma-
tory treatment in CAD patients needs to evaluate
the effects of low-dose treatment versus placebo
and assess the effects on the lipid profile.

Stroke

The redox reaction and stress are etiologies of
vascular lesions [131]. The major reactive oxygen
species (ROS) produced in response to several
stimuli, such as hyperglycemia, hyperlipidemia,
and hypertension, is superoxide anion (0,"). It
combines with NO to produce peroxynitrite, lead-
ing to endothelial dysfunction by reducing NO
bioavailability. In response, endothelial cells are
activated and produce vasoconstrictor agents:
endothelin-1, thromboxane A2, or prostaglandin
H2. Thus, an inflammatory response is initiated.
The endothelium starts expressing adhesion mole-
cules and secretes chemokines to attract immune
cells. The increased expression of chemokines and
proteases in endothelial cells perpetuates the in-
flammatory response [132]. In stroke, the lack of

oxygen and nutrients can cause neurovascular
units to become dysfunctional [133], affecting the
production of ROS and the secretion of pro-inflam-
matory mediators [134]. Blood vessel occlusion
or underperfusion affects the immune response
near the ischemic parenchyma and then extends
to the ischemic zone. Microglia are activated and
promote the release of TNF-a [135]. TNF levels in
brain tissue increase up to one day after ischemic
injury and correlate with its severity [136]. The ef-
fects of TNF on the vascular endothelium include:
oxidative stress through stimulation of xanthine
oxidase expression, expression of tissue factors,
production of leukocyte adhesion molecules, and
activation of matrix metalloproteinases. These
actions trigger local vascular inflammation, bleed-
ing, and thrombosis [137]. TNF-a. also disrupts the
protective barrier between the brain and blood cir-
culation, affects the activation and proliferation of
astrocytes and microglia, and regulates apoptosis
factors such as cysteine secretion and the tran-
scription of metalloproteinases and inflammatory
cytokines [138]. TNF-a has neurotoxic or neuropro-
tective effects in stroke [139]. In several studies,
TNF-a has been associated with movement disor-
ders, aphasia, epileptic seizures, pain, and cognitive
impairment [140-142]. TNF is used as a potential
therapeutic target in stroke, and its blockade re-
duces focal ischemic injury and improves clinical
outcomes [143]. Therefore, detection of high levels
of TNF may be useful as an inflammatory marker
to predict stroke outcome. There are three effec-
tive ways to interfere with TNF: blocking TNF re-

Table I1l. Summary of selected studies investigating the role of TNF-a in cardiovascular diseases

Disease

Experimental model/clinical trials

Reference

CAD

Experimental study 94
The aim of the study was to assess the relationship between plasma levels of the
TNF cytokine and clinical risk factors for cardiovascular disease, along with the
parameters of cardiac morphology in patients diagnosed with coronary artery
disease (CAD) at a young age. The results suggest an association between higher
plasma TNF concentrations and components of metabolic syndrome, including
dyslipidemia. TNF may be a potential risk factor for impaired diastolic function.

CAD

Review 128
The review aimed to provide an overview of anti-inflammatory profiles of agents
commonly used in cardiovascular prevention, including therapies targeting lipids,
blood pressure, and diabetes, as well nutraceuticals such as n-3 fatty acids.
A crucial issue in the evaluation of the benefit of the anti-inflammatory activity
is the frequent discordance between a beneficial effect on a major risk factor and
associated changes of others, as in the case of statins.

Cardiovascular
diseases

Randomized trials and meta-analysis 127
Twelve randomized controlled trials with a total of 13,073 patients showed that
colchicine reduced cardiovascular events and inflammatory markers in patients
with CAD.

Stroke

Experimental study 135
The study was conducted to identify independent predictors of severity and
short-term outcome of first-ever ischemic stroke in young adults. The 2-year
observational study retrospectively enrolled 325 consecutive patients aged 18-49
years with first-ever ischemic stroke.
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ceptors, interfering with TNF signaling, and remov-
ing TNF protein [144]. TNF-a inhibitors — including
infliximab, etanercept, adalimumab, golimumab,
and pertuzumab — are currently used to treat in-
flammatory or autoimmune diseases, but may
also reduce the risk of stroke [145]. The safety of
anti-TNF agents and their lower efficacy in pene-
trating the blood-brain barrier need further inves-
tigation [146]. The role of TNF-a in cardiovascular
diseases is summarised in Table Ill.

Conclusions

In response to harmful stimuli or dysregulation
in the CNS and cardiovascular system, pro-inflam-
matory cytokines, such as TNF-q, are released by
endothelial cells, neurons, and glial and infiltrat-
ing immune cells. The inflammation may be either
harmful or protective, depending on various fac-
tors, including the initiating stimuli, targets, tran-
scriptional changes, and the resulting intercellular
activities. For this reason, overexpression of TNF-a
should be considered an effect of deleterious stim-
uli. Elevated levels of this pro-inflammatory cyto-
kine may cause neuronal excitotoxicity, synapse
loss, and the development of neurological and
cardiological diseases. However, the importance of
TNF-a as a biomarker is ambiguous. For instance,
although some current studies do not support
TNF-a as a clear marker of stroke, it seems to be
a promising research direction to use TNF-a as
a biomarker of the stroke development process or
prognosis [142]. The average cost of a TNF assay
in the laboratory is around 30 euros. The recog-
nition of TNF-alpha as a potentially valuable bio-
marker in neurodegenerative diseases is increas-
ing. However, monitoring its levels and applying
anti-TNF-a medications have not yet demonstrat-
ed significant clinical relevance. Another interest-
ing aspect of TNF research is the importance of
this pro-inflammatory cytokine in the aging pro-
cess. Lindbergh et al. reported that plasma TNF-a
concentrations were significantly associated with
changes in white matter hyperintensities (WMH),
gray matter volume (GMV), and global cognition.
The authors suggested that systemic inflamma-
tion, as indexed by plasma TNF-a, holds potential
as a biomarker for age-related declines in brain
health [147]. Inflammation is increasingly rec-
ognized as a new modifiable cardiovascular risk
factor. As a pro-inflammatory cytokine, TNF can
be produced by cardiomyocytes, which typically
occurs under unfavorable hemodynamic condi-
tions with excessive pressure or volume overload.
It can lead to myocardial metabolic disorders, left
ventricular dysfunction, reduced peripheral flow,
and left ventricular remodeling. The association
of CAD with subclinical inflammation, quantified
by values of circulating markers associated with

inflammation, remains debatable. There are data
supporting associations between circulating hs-
CRP and cardiovascular outcomes. However, there
is insufficient evidence showing that treatments
to target inflammation and TNF levels result in
improvements in patients. Therefore, plasma TNF
levels are not a reliable marker of vascular status
to replace the classic radiological examination of
the vessels [94, 118, 148].

In conclusion, the basis for assessing the im-
portance of TNF-a signaling in diseases of afflu-
ence, including neurodegenerative and cardio-
vascular diseases, is an understanding of the
complex nature of the cytokine in question, as
well as the involvement of TNF-a in regulating the
release of other factors involved in physiological,
inflammatory, or autoimmune processes. As our
understanding of TNF-a. deepens, we are closer to
developing innovative prevention and treatment
strategies that take genetic predisposition into
account. It is a promising direction of research to
use TNF as a biomarker for the development or
prognosis of the described diseases. The conclu-
sions need verification by clinical trials. To make
TNF a reliable marker, the specific role and mech-
anism it plays, the protective effect and mecha-
nism of anti-TNF-a. treatment, and how to reduce
the side effects of antibodies are the main issues
that need to be further studied and solved by re-
searchers. On the other hand, anti-TNF therapy is
also worth exploring as a therapeutic target. The
identification of intrinsic cell survival pathways
should provide more direct opportunities for trials
in neuroprotection or cardiovascular disease.

Funding

No external funding.

Ethical approval
Not applicable.

Conflict of interest

The authors declare no conflict of interest.

References

1. Lee YB, Nagai A, Kim SU. Cytokines, chemokines, and
cytokine receptors in human microglia. ) Neurosci Res
2002; 69: 94-103.

2. Brenner D, Blaser H, Mak TW. Regulation of tumour ne-
crosis factor signalling: live or let die. Nat Rev Immunol
2015; 15: 362-374.

3. Banach M, Surma S, Alnouri F, et al. Abstracts From the
American Heart Association’s 2024 Scientific Sessions
and the American Heart Association’s 2024 Resus-
citation Science Symposium, Circulation 2024; 150:
4141978.

4. Hehlgans T, Pfeffer K. The intriguing biology of the tu-
mour necrosis factor/tumour necrosis factor receptor

14

Arch Med Sci



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

The importance of TNF-a signaling: a potential risk factor in neurodegenerative and cardiovascular diseases

superfamily: players, rules and the games. Immunolo-
gy 2005; 115: 1-20.

. Wu YR, Feng IH, Lyu RK, et al. Tumor necrosis factor-al-

pha promoter polymorphism is associated with the
risk of Parkinson’s disease. Am J Med Genet B Neuro-
psychiatr Genet 2007; 144B: 300-4.

. Falvo JV, Tsytsykova AV, Goldfeld AE. Transcriptional

control of the TNF gene. Curr Dir Autoimmun 2010; 11:
27-60.

. Falvo JV, Lin CH, Tsytsykova AV, ET AL A dimer-specific

function of the transcription factor NFATp. Proc Natl
Acad Sci USA 2008; 105: 19637-42.

. van Loo G, Bertrand MJM. Death by TNF: a road to in-

flammation. Nat Rev Immunol 2023; 23: 289-303.

. van der Bruggen T, Nijenhuis S, van Raaij E, Verhoef J,

van Asbeck BS. Lipopolysaccharide-induced tumor ne-
crosis factor alpha production by human monocytes
involves the raf-1/MEK1-MEK2/ERK1-ERK2 pathway.
Infect Immun 1999; 67: 3824-9.

Guo YJ, Pan WW, Liu SB, Shen ZF Xu Y, Hu LL. ERK/
MAPK signalling pathway and tumorigenesis. Exp Ther
Med 2020; 19: 1997-2007.

Aggarwal BB. Signalling pathways of the TNF super-
family: a double-edged sword. Nat Rev Immunol 2003;
3: 745-56.

El-Tahan RR, Ghoneim AM, El-Mashad N. TNF-a gene
polymorphisms and expression. Springerplus 2016; 5:
1508.

Asgharzadeh M, Najafi-Ghalehlou N, Poor BM, et
al. IFN-y and TNF-a gene polymorphisms in multiple
sclerosis patients in Northwest Iran. Endocr Metab Im-
mune Disord Drug Targets 2021; 21: 520-5.

Jabtoriska A, Zagrapan B, Neumayer C, et al. Polymor-
phisms in the IL-6 and TNF-a. gene are associated with
an increased risk of abdominal aortic aneurysm. Int
J Cardiol 2021; 329: 192-7.

Bagheri-Hosseinabadi Z, Mirzaei MR, Aliakbari M,
Abbasifard M. Association of interleukin 33 gene
polymorphisms with susceptibility and regulation
of inflammatory mediators in systemic lupus er-
ythematosus patients. Clin Rheumatol 2023; 42:
2187-97.

Qidwai T, Khan F. Tumour necrosis factor gene poly-
morphism and disease prevalence. Scand J Immunol
2011; 74: 522-47.

Takahashi H, Yoshimatsu G, Faustman DL The roles of
TNFR2 signaling in cancer cells and the tumor micro-
environment and the potency of TNFR2 targeted ther-
apy. Cells 2022; 11: 1952.

Bai J, Ding B, Li H. Targeting TNFR2 in cancer: all roads
lead to Rome. Front Immunol 2022; 13: 844931.
McMillan D, Martinez-Fleites C, Porter J, et al. Structur-
al insights into the disruption of TNF-TNFR1 signalling
by small molecules stabilising a distorted TNF. Nat
Commun 2021; 12: 582.

Fresegna D, Bullitta S, Musella A, et al. Re-examining
the role of TNF in MS pathogenesis and therapy. Cells
2020; 9: 2290.

Kalliolias GD, Ivashkiv LB. TNF biology, pathogenic
mechanisms and emerging therapeutic strategies. Nat
Rev Rheumatol 2016; 12: 49-62.

Dostert C, Grusdat M, Letellier E, Brenner D. The TNF
family of ligands and receptors: communication mod-
ules in the immune system and beyond. Physiol Rev
2019; 99: 115-60.

Piotrowska A, Izykowska I, Podhorska-Okotow M, Za-
bel M, Dziegiel P. The structure of NF-kappaB family

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

proteins and their role in apoptosis. Postepy Hig Med
Dosw (Online) 2008; 62: 64-74.

Hayden MS, Ghosh S. Regulation of NF-kB by TNF fam-
ily cytokines. Semin Immunol 2014; 26: 253-66.
Medler J, Kucka K, Wajant H. Tumor necrosis factor re-
ceptor 2 (TNFR2): an emerging target in cancer thera-
py. Cancers 2022; 14: 2603.

Moatti A, Cohen JL. The TNF-o/TNFR2 pathway: tar-
geting a brake to release the anti-tumor immune re-
sponse. Front Cell Dev Biol 2021; 9: 725473.

Naudé PJ, den Boer JA, Luiten PG, Eisel UL Tumor ne-
crosis factor receptor cross-talk. FEBS J 2011; 278:
888-98.

Holbrook J, Lara-Reyna S, Jarosz-Griffiths H, McDer-
mott M. Tumour necrosis factor signalling in health and
disease. F1000Res 2019; 8: F1000 Faculty Rev-111.
Sethi G, Sung B, Aggarwal BB. TNF: a master switch for
inflammation to cancer. Front Biosci 2008; 13: 5094-107.
Leone GM, Mangano K, Petralia MC, Nicoletti F Fag-
one P. Past, present and (foreseeable) future of biolog-
ical anti-tnf alpha therapy. J Clin Med 2023; 12: 1630.
Guo Q Jin Y, Chen X, et al. NF-xB in biology and tar-
geted therapy: new insights and translational implica-
tions. Signal Transduct Target Ther 2024; 9: 53.

Zahid M, Busmail A, Penumetcha SS, et al. Tumor ne-
crosis factor alpha blockade and multiple sclerosis: ex-
ploring new avenues. Cureus 2021; 13: e18847.
Richter F Williams SK, John K, et al. The TNFR1 antag-
onist atrosimab is therapeutic in mouse models of
acute and chronic inflammation. Front Immunol 2021;
12: 705485.

Gonzalez Caldito N. Role of tumor necrosis factor-al-
pha in the central nervous system: a focus on auto-
immune disorders. Front Immunol 2023; 14: 1213448.
van Oosten BW, Barkhof F Truyen L, et al. Increased
MRI activity and immune activation in two multiple
sclerosis patients treated with the monoclonal anti-tu-
mor necrosis factor antibody cA2. Neurology 1996; 47:
1531-4.

Li L, Avifia-Zubieta JA, Bernstein CN, et al. Risk of multi-
ple sclerosis among users of antitumor necrosis factor
a in 4 Canadian provinces: a population-based study.
Neurology 2023; 100: e558-67.

Wang L, Deng B, Yan P, et al. Neuroprotective effect of
ketamine against TNF-o-induced necroptosis in hippo-
campal neurons. J Cell Mol Med 2021; 25: 3449-59.
Mehanna R, Smilowska K, Fleisher J, et al. International
Parkinson and movement disorder society task force
on early onset parkinson’s disease. Age cutoff for ear-
ly-onset Parkinson’s disease: recommendations from
the International Parkinson and Movement Disorder
Society Task Force on Early Onset Parkinson’s Disease.
Mov Disord Clin Pract 2022; 9: 69-878.

Balestrino R, Schapira AHV. Parkinson disease. Eur
J Neurol 2020; 27: 27-42.

Tansey MG, Wallings RL, Houser MC, Herrick MK, Keat-
ing CE, Joers V. Inflammation and immune dysfunction in
Parkinson disease. Nat Rev Immunol 2022; 22: 657-73.
Pajares M, Rojo A, Manda G, Bosca L, Cuadrado A. In-
flammation in Parkinson’s disease: mechanisms and
therapeutic implications. Cells 2020; 9: 1687.

Liu TW, Chen CM, Chang KH. Biomarker of neuroin-
flammation in Parkinson’s disease. Int ] Mol Sci 2022;
23:4148.

Mosley RL, Benner EJ, Kadiu I, et al. Neuroinflamma-
tion, oxidative stress and the pathogenesis of Parkin-
son’s disease. Clin Neurosci Res 2006; 6: 261-81.

Arch Med Sci

15



Marta Biatecka, Monika Biatecka, Anna Machoy-Mokrzyfiska, Damian Malinowski, Monika Ra¢

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mogi M, Kondo T, Mizuno Y, Nagatsu T. p53 protein,
interferon-gamma, and NF-kappaB levels are elevated
in the parkinsonian brain. Neurosci Lett 2007; 414:
94-97.

Boka G, Anglade B Wallach D, Javoy-Agid F Agid Y,
Hirsch EC. Immunocytochemical analysis of tumor ne-
crosis factor and its receptors in Parkinson’s disease.
Neurosci Lett 1994; 172: 151-4.

Barcia C, de Pablos V, Bautista-Hernandez V, et al. In-
creased plasma levels of TNF-alpha but not of IL1-beta
in MPTP-treated monkeys one year after the MPTP ad-
ministration. Parkinsonism Relat Disord 2005; 11: 435-9.
Mogi M, Harada M, Riederer B, Narabayashi H, Fujita K,
Nagatsu T. Tumor necrosis factor-alpha (TNF-alpha)
increases both in the brain and in the cerebrospinal
fluid from parkinsonian patients. Neurosci Lett 1994;
165: 208-10.

Hu Y, Yu SY, Zuo LJ, et al. Parkinson disease with REM
sleep behavior disorder: features, a-synuclein, and in-
flammation. Neurology 2015; 84: 888-94.

Joza S, Hu MT, Jung KY, et al. Progression of clinical
markers in prodromal Parkinson’s disease and demen-
tia with Lewy bodies: a multicentre study. Brain 2023;
146: 3258-72.

Menza M, Dobkin RD, Marin H, et al. The role of in-
flammatory cytokines in cognition and other non-mo-
tor symptoms of Parkinson’s disease. Psychosomatics
2010; 51: 474-9.

Wang L, Yi H, Liang X, et al. Plasma TNF-a and phos-
phorylated a-syn are associated with fatigue in pa-
tients with Parkinson’s disease. ] Neuroimmunol 2023;
385:578222.

Peter I, Dubinsky M, Bressman S, et al. Anti-tumor
necrosis factor therapy and incidence of Parkinson
disease among patients with inflammatory bowel dis-
ease. JAMA Neurol 2018; 75: 939-46.

Pascale E, Passarelli E, Purcaro C, et al. Lack of associ-
ation between IL-1f, TNF-a, and IL-10 gene polymor-
phisms and sporadic Parkinson’s disease in an Italian
cohort. Acta Neurol Scand 2011; 124: 176-81.
Bialecka M, Klodowska-Duda G, Kurzawski M, et al.
Interleukin-10 (IL10) and tumor necrosis factor alpha
(TNF) gene polymorphisms in Parkinson’s disease pa-
tients. Parkinsonism Relat Disord 2008; 14: 636-40.
Hakansson A, Westberg L, Nilsson S, et al. Investiga-
tion of genes coding for inflammatory components in
Parkinson’s disease. Mov Disord 2005; 20: 569-73.
Nishimura M, Mizuta |, Mizuta E, et al. Tumor necrosis
factor gene polymorphisms in patients with sporadic
Parkinson’s disease. Neurosci Lett 2001; 311: 1-4.
Kang X, Ploner A, Pedersen NL, et al. Tumor necrosis
factor inhibition and Parkinson disease: a mendelian
randomization study. Neurology 2021; 96: e1672-9.
Scheltens B De Strooper B, Kivipelto M, et al. Alzhei-
mer’s disease. Lancet 2021; 397: 1577-90.

Grobler C, van Tongeren M, Gettemans J, Kell DB, Pre-
torius E. Alzheimer’s disease: a systems view provides
a unifying explanation of its development. J Alzhei-
mers Dis 2023; 91: 43-70.

McGeer PL, McGeer EG. The amyloid cascade-inflam-
matory hypothesis of Alzheimer disease: implications
for therapy. Acta Neuropathol 2013; 126: 479-97.
Kaushal N, Ramesh V, Gozal D. TNF-o. and temporal
changes in sleep architecture in mice exposed to sleep
fragmentation. PLoS One 2012; 7: e45610.

Neta R, Sayers TJ, Oppenheim JJ. Relationship of TNF to
interleukins. Immunol Ser 1992; 56: 499-566.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Ou W, Yang J, Simanauskaite J, et al. Biologic TNF-a
inhibitors reduce microgliosis, neuronal loss, and
tau phosphorylation in a transgenic mouse model of
tauopathy. J Neuroinflammation 2021; 18: 312.

Liao YE Wang BJ, Cheng HT, Kuo LH, Wolfe MS. Tumor
necrosis factor-alpha, interleukin-1beta, and inter-
feron-gamma stimulate gamma-secretase-mediated
cleavage of amyloid precursor protein through a JNK-de-
pendent MAPK pathway. J Biol Chem 2004; 279:
49523-32.

Gratuze M, Leyns CEG, Holtzman DM. New insights
into the role of TREM2 in Alzheimer’s disease. Mol
Neurodegener 2018; 13: 66.

Zhao Y, Wu X, Li X, et al. TREM2 is a receptor for B-amy-
loid that mediates microglial function. Neuron 2018;
97:1023-31.e7.

Guerreiro R, Wojtas A, Bras J, et al. TREM2 variants in
Alzheimer’s disease. N Engl ) Med 2013; 368: 117-27.
Jonsson T, Stefansson H, Steinberg S, et al. Variant of
TREM2 associated with the risk of Alzheimer’s disease.
N Engl) Med 2013; 368: 107-16.

Colonna M. The biology of TREM receptors. Nat Rev Im-
munol 2023; 23: 580-94.

Tarkowski E, Andreasen N, Tarkowski A, Blennow K. In-
trathecal inflammation precedes development of Alz-
heimer’s disease. ) Neurol Neurosurg Psychiatry 2003;
74: 1200-5.

Fu B Peng F; Alzheimer’s Disease Neuroimaging Initia-
tive. CSF TNF o levels were associated with conversion
from mild cognitive impairment to dementia. PLoS
One 2022; 17: e0274503.

Zhou M, Xu R, Kaelber DC, Gurney ME. Tumor necrosis
factor (TNF) blocking agents are associated with low-
er risk for Alzheimer’s disease in patients with rheu-
matoid arthritis and psoriasis. PLoS One 2020; 15:
e€0229819.

Chang R, Yee KL, Sumbria RK. Tumor necrosis factor a
inhibition for Alzheimer’s disease. J Cent Nerv Syst Dis
2017;9: 1179573517709278.

Chen YM, Chen HH, Lan JL, Chen DY. Improvement of
cognition, a potential benefit of anti-TNF therapy in
elderly patients with rheumatoid arthritis. Joint Bone
Spine 2010; 77: 366-7.

Butchart J, Brook L, Hopkins V, et al. Etanercept in
Alzheimer disease: a randomized, placebo-controlled,
double-blind, phase 2 trial. Neurology 2015; 85: 2084.
Garg N, Smith TW. An update on immunopathogen-
esis, diagnosis, and treatment of multiple sclerosis.
Brain Behav 2015; 5: e00362.

Abbadessa G, Lavorgna L, Treaba CA, Bonavita S, Main-
ero C. Hemostatic factors in the pathogenesis of neu-
roinflammation in multiple sclerosis. Mult Scler 2022;
28:1834-42.

Uysal S, Meri¢ Yilmaz F, Bogdaycioglu N, Mungan Oz-
tiirk S, Ak F. Increased serum levels of some inflamma-
tory markers in patients with multiple sclerosis. Miner-
va Med 2014; 105: 229-35.

TNF neutralization in MS: results of a randomized,
placebo-controlled multicenter study. The Lenercept
Multiple Sclerosis Study Group and The University of
British Columbia MS/MRI Analysis Group. Neurology
1999; 53: 457-65.

van Boxel-Dezaire AH, Hoff SC, van Oosten BW, et
al. Decreased interleukin-10 and increased interleu-
kin-12p40 mRNA are associated with disease activity
and characterize different disease stages in multiple
sclerosis. Ann Neurol 1999; 45: 695-703.

16

Arch Med Sci



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

The importance of TNF-a signaling: a potential risk factor in neurodegenerative and cardiovascular diseases

Kemanetzoglou E, Andreadou E. CNS demyelination with
TNF-a blockers. Curr Neurol Neurosci Rep 2017; 17: 36.
Bernatsky S, Renoux C, Suissa S. Demyelinating events
in rheumatoid arthritis after drug exposures. Ann
Rheum Dis 2010; 69: 1691-3.

Kalén E, Piehl F Andersson M. Demyelinating events
following anti-tumor necrosis factor alpha therapy:
rare but challenging to treat. Eur J Neurol 2022; 29:
2047-55.

Xie W, Sun'Y, Zhang W, Zhu N, Xiao S. Risk of inflamma-
tory central nervous system diseases after tumor ne-
crosis factor-inhibitor treatment for autoimmune dis-
eases: a systematic review and meta-analysis. JAMA
Neurol 2024; 81: 1284-94.

Pauli N, Puchatowicz K, Kuligowska A, et al. Associa-
tions between IL-6 and echo-parameters in patients
with early onset coronary artery disease. Diagnostics
2019; 9: 189.

Wainstein MV, Mossmann M, Araujo GN, et al. Elevat-
ed serum interleukin-6 is predictive of coronary artery
disease in intermediate risk overweight patients re-
ferred for coronary angiography. Diabetol Metab Syndr
2017; 9: 67.

Mourouzis K, Oikonomou E, Siasos G, et al. Pro-inflam-
matory cytokines in acute coronary syndromes. Curr
Pharm Des 2020; 26: 4624-47.

Vukasinovié A, Ostanek B, Klisic A, et al. Telomere-telo-
merase system status in patients with acute myocardi-
al infarction with ST-segment elevation — relationship
with oxidative stress. Arch Med Sci 2021; 19: 313-23.
Moller MJ, Qin Z, Toursarkissian B. Tissue markers in
human atherosclerotic carotid artery plaque. Ann Vasc
Surg 2012; 26: 1160-5.

Akash MSH, Rehman K, Liagat A. Tumor necrosis fac-
tor-alpha: role in development of insulin resistance
and pathogenesis of type 2 diabetes mellitus. J Cell
Biochem 2018; 119: 105-10.

Puszkarska A, Niklas A, Gtuszek J, Lipski D, Niklas K.
The concentration of tumor necrosis factor in the
blood serum and in the urine and selected early organ
damages in patients with primary systemic arterial hy-
pertension. Medicine 2019; 98: e15773.

Abernethy A, Raza S, Sun JL, et al. Pro-inflammatory
biomarkers in stable versus acutely decompensated
heart failure with preserved ejection fraction. ] Am
Heart Assoc 2018; 7: e007385.

LiJY,He Y, Ke HH, Jin Y, Jiang ZY, Zhong GQ. Plasma oxida-
tive stress and inflammatory biomarkers are associated
with the sizes of the left atrium and pulmonary vein in
atrial fibrillation patients. Clin Cardiol 2017; 40: 89-94.
Biatecka M, Dziedziejko V, Safranow K, et al. Could
tumor necrosis factor serve as a marker for cardio-
vascular risk factors and left ventricular hypertrophy
in patients with early-onset coronary artery disease?
Diagnostics 2024; 14: 449.

Solaro RJ, Rosas PC, Langa B Warren CM, Wolska BM,
Goldspink PH. Mechanisms of troponin release into
serum in cardiac injury associated with COVID-19 pa-
tients. Int J Cardiol Cardiovasc Dis 2021; 1: 41-7.
Sordillo PR Sordillo DC, Helson L The prolonged QT
interval: role of pro-inflammatory cytokines, reactive
oxygen species and the ceramide and sphingosine-1
phosphate pathways. In Vivo 2015; 29: 619-36.
Gonzalvez M, Ruiz-Ros JA, Pérez-Paredes M, et al. Prog-
nostic value of tumor necrosis factor-alpha in patients
with ST-segment elevation acute myocardial infarc-
tion. Rev Esp Cardiol 2007; 60: 1233-41.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Medenwald D, Swenne CA, Loppnow H, et al. Prognos-
tic relevance of the interaction between short-term,
metronome-paced heart rate variability, and inflam-
mation: results from the population-based CARLA co-
hort study. Europace 2017; 19: 110-8.

Galeone A, Grano M, Brunetti G. Tumor necrosis factor
family members and myocardial ischemia-reperfusion
injury: state of the art and therapeutic implications. Int
J Mol Sci 2023; 24: 4606.

Attig A, Afzal S, Ahmad W, Kandeel M. Hegemony of
inflammation in atherosclerosis and coronary artery
disease. Eur J Pharmacol 2024; 966: 176338.
Toczylowski K, Hirnle T, Harasiuk D, et al. Plasma con-
centration and expression of adipokines in epicardial
and subcutaneous adipose tissue are associated with
impaired left ventricular filling pattern. J Transl Med
2019; 17: 310.

Karampetsou N, Tzani A, Doulamis IR et al. Epicardial
adipocyte-derived TNF-o. modulates local inflamma-
tion in patients with advanced coronary artery dis-
ease. Curr Vasc Pharmacol 2022; 20: 87-93.

Mirhafez SR, Khadem SH, Sahebkar A, et al. Compar-
ative effects of on-pump versus off-pump coronary
artery bypass grafting surgery on serum cytokine and
chemokine levels. IUBMB Life 2021; 73: 1423-31.
Jortveit J, Pripp AH, Langgrgen J, Halvorsen S. Incidence,
risk factors and outcome of young patients with myo-
cardial infarction. Heart 2020; 106: 1420-6.

Liu M, Zhang B Chen M, et al. Aging might increase
myocardial ischemia/reperfusion-induced apoptosis in
humans and rats. Age 2012; 34: 621-32.

Charakida M, Halcox JP. Tumor necrosis factor-alpha in
heart failure: more questions than answers. Rev Esp
Cardiol 2005; 58: 470-2.

Suzuki T, Ogita H, Sato A, Minamidate N, Hachiro K.
Differences between patients with and without ath-
erosclerosis in expression levels of inflammatory me-
diators in the adipose tissue around the coronary ar-
tery. Int Heart ) 2021; 62: 390-5.

Zhang Y, Yang X, Bian F et al. TNF-a. promotes ear-
ly atherosclerosis by increasing transcytosis of LDL
across endothelial cells: crosstalk between NF-kB and
PPAR-y. ) Mol Cell Cardiol 2014; 72: 85-94.

Franco AG, Sandri S, Campa A. High-density lipoprotein
prevents SAA-induced production of TNF-a in THP-1
monocytic cells and peripheral blood mononuclear
cells. Mem Inst Oswaldo Cruz 2011; 106: 986-92.
Patel VK, Williams H, Li SCH, Fletcher JB Medbury HJ.
Monocyte inflammatory profile is specific for individu-
als and associated with altered blood lipid levels. Ath-
erosclerosis 2017; 263: 15-23.

Dong H, Wang J, Hu R Lu N. Association of apolipopro-
tein A1, high density lipoprotein cholesterol, and their
ratio with inflammatory marker in chinese adults with
coronary artery disease. Angiology 2023; 74: 765-73.
Abbasifard M, Kandelouei T, Aslani S, et al. Effect of
statins on the plasma/serum levels of inflammatory
markers in patients with cardiovascular disease; a sys-
tematic review and meta-analysis of randomized clin-
ical trials. Inflammopharmacology 2022; 30: 369-83.
Vangaveti V, Shashidhar V, Collier F, et al. 9- and 13-
HODE regulate fatty acid binding protein-4 in human
macrophages, but does not involve HODE/GPR132 axis
in PPAR-y regulation of FABP4. Ther Adv Endocrinol
Metab 2018; 9: 137-50.

Gilani STA, Khan DA, Rauf A, Haroon ZH, Khan KA,
Hassan FU. Early diagnosis of coronary artery disease

Arch Med Sci

17



Marta Biatecka, Monika Biatecka, Anna Machoy-Mokrzyfiska, Damian Malinowski, Monika Ra¢

115.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

127.

128.

129.

by inflammatory biomarkers of atherosclerosis in pa-
tients with angina. J Interferon Cytokine Res 2022; 42:
493-500.

DongL, Hou R, Xu Y, et al. Analyzing the correlation be-
tween the level of serum markers and ischemic cere-
bral vascular disease by multiple parameters. Comput
Math Methods Med 2015; 2015: 972851.

Elkind MS, Cheng J, Boden-Albala B, et al. Tumor necro-
sis factor receptor levels are associated with carotid
atherosclerosis. Stroke 2002; 33: 31-7.

Andersson J, Sundstrom J, Kurland L, et al. The carot-
id artery plaque size and echogenicity are related to
different cardiovascular risk factors in the elderly: the
Prospective Investigation of the Vasculature in Uppsa-
la Seniors (PIVUS) study. Lipids 2009; 44: 397-403.
Bialecka M, Rac M, Dziedziejko V, Safranow K, Chlubek
D, Ra¢ ME. An evaluation of plasma TNF VEGF-A, and
IL-6 determination as a risk marker of atherosclerotic
vascular damage in early-onset CAD patients. J Clin
Med 2024; 13: 1742.

Cortez-Cooper M, Meaders E, Stallings J, et al. Soluble
TNF and IL-6 receptors: indicators of vascular health
in women without cardiovascular disease. Vasc Med
2013; 18: 282-9.

Zhang H, Jiang M, Hou H, Li Q. Efficacy of simvastatin
on carotid atherosclerotic plague and its effects on se-
rum inflammatory factors and cardiocerebrovascular
events in elderly patients. Exp Ther Med 2021; 22: 819.

. Chen Y, Wang X, Yang C, et al. Decreased circulating

catestatin levels are associated with coronary artery
disease: the emerging anti-inflammatory role. Athero-
sclerosis 2019; 281: 78-88.

Nedeljkovic M, Mihajlovic M, Mujovic N, et al. Assess-
ment of patient-reported treatment burden in patients
with coronary artery disease. Arch Med Sci 2024; 20:
1006-10.

Dimitroglou Y, Aggeli C, Theofilis P, et al. Novel anti-in-
flammatory therapies in coronary artery disease and
acute coronary syndromes. Life 2023; 13: 1669.

Ogri¢ M, Poljsak KM, Lakota K, et al. Neutralizing ef-
fects of anti-infliximab antibodies on synergistical-
ly-stimulated human coronary artery endothelial cells.
Atherosclerosis 2019; 291: 1-8.

Barbati C, Colasanti T, Vomero M, et al. Up-regula-
tion of autophagy by etanercept treatment results in
TNF-induced apoptosis reduction in EA.hy926 endo-
thelial cell line. Clin Exp Rheumatol 2021; 39: 606-11.
Mazurek A, Gryga K, Bugala K, et al. Influence of statin
therapy on antiphospholipid antibodies and endothe-
lial dysfunction in young patients with coronary artery
disease and systemic lupus erythematosus. Arch Med
Sci 2020; 18: 18-24.

Bytyci |, Bajraktari G, Penson PE, et al. Efficacy and
safety of colchicine in patients with coronary artery
disease: a systematic review and meta-analysis of ran-
domized controlled trials. BrJ Clin Pharmacol 2022; 88:
1520-8.

Ruscica M, Corsini A, Ferri N, et al. Clinical approach to
the inflammatory etiology of cardiovascular diseases.
Pharmacol Res 2020; 159: 104916.

Landmesser U, Haghikia A, Leiter LA, et al. Effect of
inclisiran, the small-interfering RNA against propro-
tein convertase subtilisin/kexin type 9, on plate-
lets, immune cells, and immunological biomarkers:
a pre-specified analysis from ORION-1. Cardiovasc Res
2021; 117: 284-91.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Rakocevic J, Dobric M, Borovic ML, et al. Anti-inflam-
matory therapy in coronary artery disease: where do
we stand? Rev Cardiovasc Med 2023; 24: 10.
Maciejczyk M, Bielas M, Zalewska A, Gerreth K. Sali-
vary biomarkers of oxidative stress and inflammation
in stroke patients: from basic research to clinical prac-
tice. Oxid Med Cell Longev 2021; 2021: 5545330.
Sena CM, Leandro A, Azul L, et al. Vascular oxidative
stress: impact and therapeutic approaches. Front
Physiol 2018; 9: 1668.

del Zoppo GJ. Stroke and neurovascular protection.
N Engl ) Med 2006; 354: 553-5.

Dirnagl U, ladecola C, Moskowitz MA. Pathobiology of
ischaemic stroke: an integrated view. Trends Neurosci
1999; 22: 391-7.

Zhou X, Yu F, Feng X, et al. Immunity and inflammation
predictors for short-term outcome of stroke in young
adults. Int ) Neurosci 2018; 128: 634-9.

Zaremba J, Losy J. Early TNF-alpha levels correlate with
ischaemic stroke severity. Acta Neurol Scand 2001;
104: 288-95.

Badiola N, Malagelada C, Llecha N, et al. Activation of
caspase-8 by tumour necrosis factor receptor 1 is nec-
essary for caspase-3 activation and apoptosis in oxy-
gen-glucose deprived cultured cortical cells. Neurobiol
Dis 2009; 35: 438-47.

Yong VW, Power C, Forsyth B Edwards DR. Metallopro-
teinases in biology and pathology of the nervous sys-
tem. Nat Rev Neurosci 2001; 2: 502-11.

Doll DN, Barr TL, Simpkins JW. Cytokines: their role in
stroke and potential use as biomarkers and therapeu-
tic targets. Aging Dis 2014; 5: 294-306.

Liang M, Zhang L, Geng Z. Advances in the develop-
ment of biomarkers for poststroke epilepsy. Biomed
Res Int 2021; 2021: 5567046.

Chen Y, Pu J, Liu Y, et al. Pro-inflammatory cytokines
are associated with the development of post-stroke
depression in the acute stage of stroke: a meta-analy-
sis. Top Stroke Rehabil 2020; 27: 620-9.

Xue Y, Zeng X, Tu WJ, Zhao J. Tumor necrosis factor-a:
the next marker of stroke. Dis Markers 2022; 2022:
2395269.

Arango-Davila CA, Vera A, Londofio AC, et al. Soluble or
soluble/membrane TNF-o inhibitors protect the brain
from focal ischemic injury in rats. Int J Neurosci 2015;
125: 936-40.

Frankola KA, Greig NH, Luo W, Tweedie D. Targeting
TNF-a to elucidate and ameliorate neuroinflammation
in neurodegenerative diseases. CNS Neurol Disord
Drug Targets 2011; 10: 391-403.

Gerriets V, Goyal A, Khaddour K. Tumor Necrosis Fac-
tor Inhibitors. In: StatPearls. Treasure Island (FL): Stat-
Pearls Publishing; July 3, 2023.

Wang X, Feuerstein GZ, Xu L, et al. Inhibition of tumor
necrosis factor-alpha-converting enzyme by a selec-
tive antagonist protects brain from focal ischemic inju-
ry in rats. Mol Pharmacol 2004; 65: 890-6.

Lindbergh CA, Casaletto KB, Staffaroni AM, et al. Sys-
temic tumor necrosis factor-alpha trajectories relate to
brain health in typically aging older adults. ] Gerontol
A Biol Sci Med Sci 2020; 75: 1558-65.

Maierean S, Webb R, Banach M, Mazidi M. The role of
inflammation and the possibilities of inflammation
reduction to prevent cardiovascular events. Eur Heart
J Open 2022; 2: oeac039.

18

Arch Med Sci



	_Hlk188813367
	_Hlk188813266
	_Hlk188813436
	_Hlk188813405
	_Hlk188813305
	_Hlk179532634

