414

REVIEW ARTICLES The Russian Archives of Internal Medicine @ Ne 6 e 2020

DOI: 10.20514/2226-6704-2020-10-6-414-421

C.B. TononsaHckas

®rAQY BO [epBblit MOCKOBCKUIA FOCYAAPCTBEHHDIV MeANLMHCKMUIA YHUBEPCUTET
nMeHn V.M. CeueHoBa MuHucTepcTBa 34paBooxpaHeHus PO (CeueHoBCKuMit YHMBEpCUTET),
kadegpa rocnutanbHomn Tepanum Ne 2, MockBa, Poccua

OAKTOP HEKPO3A OITYXOAU-AAB®A U
BO3PACT-ACCOUUMPOBAHHAA ITATOAOT U

S.V. Topolyanskaya

.M. Sechenov First Moscow State Medical University (Sechenov University),
RF Health Ministry, Hospital Therapy Department N2 2, Moscow, Russia

Tumor Necrosis Factor-Alpha
and Age-Related Pathologies

PesomMme

B 0630pe oTpakeHbl COBpPeMeHHbIe NpeACTaB/ieHNsA 0 NOHATUN «inflammaging» n poan cybKAMHUYECKOro BOCMaeHNs
NpV pas/IM4HON BO3pacT-accoLMMpoBaHHoON natosornn. Ocoboe BHMMaHWe yaeneHo $paKTOpy HeKpo3a OMyxo/n-o —
K/IH04EBOMY LIMTOKMHY, MPUHMMAIOLLEMY BaXKHOE y4acTUe KaK B NaToreHe3e XpOHNYECKUX BOCMA/INTE/IbHbIX 3ab0neBaHN,
TaK W B npoueccax ctapeHus. MoBbileHHOe coAepaHne pakTopa HEKpPO3a OMyXo/IM-& NMPUBOAUT K BO3HUKHOBEHMIO U
MPOrpeccMpoBaHUIO Pas/INyHbIX 3ab60s1eBaHUN, K YCyrybneHVIo CcTapyecKkoln acTeHum, K MHBaAUAM3aLMN U CMEPTHOCTH
2L, TIOXW/IOFO U CTapyecKoro Bo3pacTta. PakTop HEKpO3a OMyXO0/IN-0 OKa3blBaeT BAUAHME Ha Pa3/inyHble paKTOPbl pUCKa
CepAeYHO-COCYANCTON NaTONOMUK, CMOCOBCTBYET BO3HUKHOBEHMIO U NPOrPECCMPOBAHUIO aTEPOCK/IEPO3a U CBA3AHHBIX C
HVM 3a6071eBaHUIN. DTOT LIUTOKMH MOXKET YCyryb/1aThb TaKXKe pa3/inyHble MeTaboIMuecKmne HapyLUeHUs, B NepBYLO oyepesb,
WHCY/IMHOPE3UCTEHTHOCTb U CaxapHbI gnabeT. PakTop HEKPO3a OMyXO/NN-O — K/HOYEBOW LIUTOKMH, CTUMY/IMPYIOLLUIA
KOCTHYt0 pe30op6uuio (C BOHYKHOBEHWEM OCTEONOpO3a) 1 CapKoneHuto. VMerolmecs B HacToALLee BpeMS AaHHbIE MOA-
TBEPX/AAIOT BaXKHYIO posib GaKTopa HeKpo3a OMyX0/IM-0 MPY pas/IM4HbIX BO3PaCcT-aCCoOLMMPOBaHHbBIX 3a601eBaHUAX.
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Abstract

Modern concepts about the «inflammaging» and the role of subclinical inflammation in various age-associated
pathology are described in the review. Particular attention is paid to the tumor necrosis factor-a, a key cytokine that
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plays an important role in the pathogenesis of chronic inflammatory diseases as well as in aging. The increased levels
of tumor necrosis factor-a leads to the onset and progression of various diseases, to severity of frailty, to disability
and mortality of elderly persons. Tumor necrosis factor-a affects different risk factors for cardiovascular diseases,
contributes to the onset and progression of atherosclerosis and related pathology. This cytokine can also aggravate
various metabolic disorders, mainly — insulin resistance and diabetes mellitus. Tumor necrosis factor-a is a key cytokine
that stimulates bone resorption (up to osteoporosis) and sarcopenia (up to cachexia). Currently available data confirm

the important role of tumor necrosis factor-a in various age-associated disorders.
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Chronic subclinical inflammation is increasingly
considered as one of the key phenomena in the
aging process and is termed inflammaging [1]. This
kind of inflammation has five basic characteristics:
it is minor, asymptomatic, controllable, chronic and
systemic. In contrast to the typical response to a par-
ticular pathogenic agent, inflammation does not
disappear with aging; it persists, resulting in various
pathological changes [2].

Along with inflammaging, some authors propose
the concept of anti-inflammaging, which means that
long-livers seem capable of coping with chronic sub-
clinical inflammation through an anti-inflamma-
tory response [3, 4]. If inflammaging is considered
the key to understanding aging processes and age-
related diseases, then anti-inflammaging can obvi-
ously be considered one of the secrets of longevity.
It is noteworthy that despite the increased level
of pro-inflammatory cytokines (including tumor
necrosis factor-a), long-livers often maintain good
health and do not develop any serious age-related
diseases. From this perspective, subclinical inflam-
mation in long-livers can be considered as a con-
sequence of a favorable compensatory response
aimed at reducing chronic antigenic load. However,
an excessive inflammatory response can be harmful.
Therefore, the rate of reaching the threshold pro-
inflammatory state and personal ability to adapt
to various stressful effects seem to be crucial for the
development of age-associated diseases [5].

Both clinical and experimental studies show that pro-
inflammatory cytokines (primarily, tumor necrosis

factor-a and interleukin-6) play an important role in
the onset and progression of age-associated subclini-
cal inflammation. The increased level of these cyto-
kines in the blood serum of elderly and senile patients
is associated with increased morbidity, disability and
mortality. [6, 7]. With aging, the expression of tumor
necrosis factor-a (TNF-a) and interleukin-6 increases,
and the imbalance between pro-inflammatory and
anti-inflammatory cytokines results in subclinical
inflammation, accelerates the aging process and
contributes to different age-related diseases. Pro-
inflammatory cytokines cause cell aging by stimulat-
ing the overproduction of reactive oxygen species,
while damage to deoxyribonucleic acid (DNA), in
turn, activates pro-inflammatory cytokines, blocks
cell cycle and contributes to cell aging [2].

A common pro-inflammatory cytokine such as
TNF-a, described in 1975 as a circulating antitu-
mor cytokine, plays an important role in immune
response in elderly people. TNF-a was previously
thought to be produced mainly by activated mac-
rophages and lymphocytes, but later, its expression
was revealed in endothelial and epithelial cells, in
smooth muscle cells of blood vessels and cardiomyo-
cytes [8, 9].

It was later discovered that TNF-a is a key cytokine
and an essential component of the immune system
that stimulates the expression of genes required for
controlling inflammation and tissue damage. The
TNF-afamilyis considered asa group of cytokines that
have critical functions in different immune responses,
in the inflammation process, differentiation, and
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control of proliferation of different cells and their
apoptosis [10,11]. TNF-a is regarded as the main pro-
inflammatory mediator responsible for the activation
of the immune system during infectious processes.
Bacterial agents and many other stimuli induce the
synthesis of TNF-a, which (along with other pro-
inflammatory mediators) recruits and activates neu-
trophils, macrophages and lymphocytes in tissue
damage or infection sites [10].

The level of TNF-a increases with age and is associ-
ated with different age-related diseases. It was found
that tumor necrosis factor-a increases in elderly
people and even inlong-livers 6, 7, 12]. Anincreased
TNF-a level is accompanied by an increased risk of
cardiovascular diseases [12]. According to several
authors, TNF-a plays a role in the pathogenesis of
atherosclerosis and Alzheimer’s disease [12)].
Increased blood TNF-alpha in elderly people is
considered as a factor that enables to predict a fatal
outcome regardless of the associated pathology [6,
13]. The relationship between TNF-a and mortality,
regardless of dementia or cardiovascular diseases,
suggests that TNNF-a has an effect apart from car-
diovascular disease [6]. Another study also demon-
strated that higher levels of TNF-a are associated
with increased mortality among elderly people [14].
Also, the relationship between high TNF-a concen-
tration in plasma and mortality in long-livers sug-
gests that this cytokine has specific biological effects
and can be considered as a marker of senile asthenia
in people at a very advanced age [13].

Analysis of TNF-a genetic polymorphisms in long-
livers, octogenarians and younger people showed no
differences in the distribution of TNF-a genotypes
in the -308 position in these age groups. However,
GA genotype (I'NF-a-308AG) was associated with a
lower frequency of dementia in long-livers. Few long-
livers (carriers of AA genotype) had a higher risk of
mortality and usually had an increased TNF-a level
in blood plasma [15]. Other authors noted longer life
expectancy in women with TNF-a-308AG genotype
in comparison with women with GG genotype [16].
Genetic studies also revealed that the A allele of the
TNF-a-308 gene (TNF-a-308A) is associated with
the risk of coronary heart disease [17].
Multifunctional pro-inflammatory cytokine TNF-a
has an effect on several risk factors for cardiovascular
diseases, in particular, insulin resistance, dyslipidemia,
endothelial dysfunction and endothelial activation of
cell adhesion molecules [18]. The high level of TNF-a
in long-livers is associated with a low ankle-brachial

index, which can be a sign of peripheral atheroscle-
rosis. Other effects of TNF-a can also contribute to
the development and progression of atherosclero-
sis and to the high risk of thromboembolic compli-
cations. This pertains to the stimulation of TNF-a
synthesis of other pro-inflammatory mediators, for
example, interleukin-6, C-reactive protein, fibrino-
gen, as well as white blood cells [8]. At the same time,
TNF-a induces smooth muscle cell proliferation and
increases the adhesion of leukocytes to endothelial
cells, inducing the expression of cell adhesion mol-
ecules (E-selectin, ICAM-1 (CD54) and VCAM-1
(CD106)), as well as the expression of various endo-
thelial cells cytokines, including interleukin-6 [8].

It was shown that already at the early stage of athero-
sclerosis, TNF-a stimulates endothelial dysfunction,
increases the permeability of the endothelium, and
promotes the migration of leukocytes into the vascu-
lar wall. Increased vascular permeability contributes,
in turn, to the formation of atherosclerotic plaques.
At later stages, this pro-inflammatory cytokine
increases apoptosis of smooth muscle cells of blood
vessels and macrophages (which contributes to the
rupture of atherosclerotic plaques), induces the syn-
thesis of matrix metalloproteinases and procoagulant
activity, reducing the transcription of anticoagulant
genes, thrombomodulin and protein C [19].

TNF-a contributes to dyslipidemia by increasing
triglycerides, total cholesterol, as well as low-density
lipoprotein cholesterol and lowering the concen-
tration of high-density lipoproteins. TNF-a takes
part in lipid metabolism, reducing the activity of
(-hydroxylase and lipoprotein lipase and stimulat-
ing the production of triglycerides in the liver [18].
Results of clinical and experimental studies indicate
the important role of TNF-a in atherogenesis and
the onset of vascular dysfunction with underlying
arterial hypertension and pathological myocardial
remodeling [9, 20]. Over the past 20 years, the idea
that not only dyslipidemia but also inflammation
is actively involved in atherosclerotic process and
the development of cardiovascular diseases, includ-
ing coronary heart disease (CHD), became firmly
entrenched in cardiology [21, 22]. Both chronic
coronary heart disease and acute myocardial infarc-
tion are inflammatory processes where pro-inflam-
matory cytokines such as TNF-a and acute-phase
proteins, for example, C-reactive protein, play an
important role [22, 23].

TNF-a is considered as a key pro-inflammatory
cytokine, which is involved in atherogenesis and
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contributes to mild systemic inflammation in the
cardiovascular system. The effects of TNF-a on
the cardiovascular system include not only its con-
tribution to vascular dysfunction but also its effect
on cardiomyocytes [9]. Direct evidence of TNF-a-
stimulated vascular dysfunction was shown in a
study conducted on healthy volunteers: intra-arte-
rial injection of this cytokine in high doses led to
acute local vascular inflammation in 30 minutes.
Abnormal endothelium-dependent vasodilation
and persistent increase in the release of plasmino-
gen activator from endothelial cells were simulta-
neously registered [24]. Injection of a lower dose of
TNF-a in healthy volunteers was accompanied by
increased basal vascular resistance, that was blocked
by pretreatment with a non-selective cyclooxygen-
ase inhibitor [25]. It can be assumed that the reg-
istered effects of TNF-a were mediated not only by
decreased bioavailability of nitric oxide but also by
increased cyclooxygenase-dependent production of
vasoconstrictors [26].

TNF-a concentration in the heart of healthy people
is low and has no effect on its contractile function.
However, the injection of exogenous TNF-a inhibits
the contractile activity of cardiomyocytes. This pro-
inflammatory cytokine can also reduce the absorp-
tion of calcium ions by sarcoplasmic reticulum and
the sensitivity of myofilaments to calcium. In addi-
tion to reducing the contractility of cardiomyocytes,
TNF-a can induce their hypertrophy [9].

Coronary artery occlusion in myocardial infarction
causes a rapid increase in the level of pro-inflam-
matory cytokines, including TNF-a. Although an
early increase in TNF-a after myocardial infarction
helps to stabilize the function of the left ventricle,
prolonged stimulation of TNF-a triggers its dys-
function in the later phases after acute coronary
syndrome. Chronic exposure to high TNF-a con-
centrations results in dysfunction of the left ven-
tricle and increased activity of matrix metallopro-
teinases, that contribute to the degradation of the
matrix and, ultimately, to increased apoptosis of
cardiomyocytes [27].

A number of studies demonstrated that high levels
of TNF-a in serum can persist for many months
after myocardial infarction [22, 28]. According to
the observations of some authors, long-term main-
tenance of high TNF-a level becomes a risk factor
for repeated cardiovascular events. Pro-inflamma-
tory cytokines (including TNF-a) are produced pre-
dominantly in the peri-infarction zone. Therefore,

a persistent increase in the level of cytokines after
myocardial infarction may be the result of increased
cardiac muscle infiltration by inflammatory cells.
The expression of TNF-a after myocardial infarc-
tion can persist over time in intact cardiomyocytes,
which suggests the possible long-term role of this
cytokine in the remodeling of the myocardium and
blood vessels [28].

In general, the effect of TNF-a on cardiomyocytes
has many aspects and depends on the effect on a
particular type of receptor and the cytokine form
(membrane-associated or soluble). When acting
type 1 receptors, TNF-a causes inhibition of myocar-
dial contractility. This dysfunction can arise due to the
stimulation of oxidative stress during the formation
of reactive oxygen species and increased production
of nitric oxide synthase (accompanied by the pro-
duction of nitric oxide and peroxynitrite), activation
of phospholipase A2, arachidonic acid and sphin-
gomyelinase [9, 29]. TNF-a may have independent
negative inotropic effects and inhibit the expression
of contractile proteins (in particular, heavy chains
of a-myosin and cardiac a-actin). Also, TNF-a can
cross-interact with the B-adrenergic receptor system
and inhibit the contractility of cardiomyocytes by
altering signals to these receptors [29].

Besides reducing contractility, TNF-a enhances
the transcription of genes that contribute to myo-
cardial hypertrophy in heart failure. However, this
pro-inflammatory cytokine stimulates apoptosis of
cardiomyocytes, cardiac fibrosis, pathological myo-
cardial remodeling, which contributes to the pro-
gression of heart failure [30, 31]. TNF-a activates
the renin-angiotensin-aldosterone system (RAAS)
in the heart, which leads to increased remodeling of
the left ventricle, increased collagen level and apop-
tosis of cardiomyocytes [32].

Increased TINF-a level in patients with chronic heart
failure (CHF) was demonstrated in a number of stud-
ies that confirmed the role of this pro-inflammatory
cytokine in CHF pathogenesis, especially with an
intact ejection fraction [29, 33]. The expression of
TNF-a by cardiomyocytes leads to the inhibition of
their contractile activity. At the same time, TNF-a can
interact with B-adrenergic receptors, thereby exacer-
bating the negative inotropic effect [9, 29, 34-38].
TNF-a, along with other pro-inflammatory cyto-
kines, plays a role in the pathogenesis of atrial fibril-
lation. A number of recent studies demonstrated that
the risk of atrial fibrillation with increased TNF-a

increases markedly [39]. There is no clear specific
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pathogenetic relationship between pro-inflamma-
tory cytokines (including TNF-a) and atrial fibril-
lation yet. However, several concepts link chronic
inflammation with the development and progres-
sion of structural and electrophysiological atrial
remodeling [39-40].

Both clinical and experimental studies have estab-
lished that TNF-a can have a negative effect on the
remodeling of the left ventricle and other heart cham-
bers by inducing metalloproteinases and activating
proteolytic processes [41]. At the same time, a reliable
direct correlation was found between TNF-a level in
serum and the diameter of the left atrium [42].

With a persistent but slightly increased TNF-a
level, many mechanisms that contribute to vaso-
constriction, and, therefore, arterial hypertension,
are triggered [9]. Serum TNF-a is conclusively and
independently associated with blood pressure in
healthy individuals. In a study by Bautista L. E. et
al. (2005), the average plasma TNF-a level was four
times higher in patients with arterial hypertension
[43]. There is a complex cross-regulation between
RAAS and TNF-a signaling under physiological
conditions. TNF-a inhibits renin expression in adre-
nal gland cells and juxtaglomerular kidney cells [9].
At the same time, there is a TNF-a-related decrease
in the production of angiotensinogen in the cells of
renal proximal tubules [44].

The TNF-a-triggered induction of such a power-
ful vasoconstrictor as endothelin causes a signifi-
cant vasoconstrictor effect [45]. The endothelin
B2 receptor, which mediates such vasoconstriction,
is not expressed by smooth muscle cells under
normal conditions. However, its amount increases
with different cardiovascular diseases (for example,
diseases of peripheral arteries, pulmonary hyperten-
sion, coronary heart disease and ischemic stroke).
Such changes suggest the possible involvement
of TNF-a in the development of abovementioned
pathological processes [9]. Also, TNF-a induces the
production of thromboxane A2 by endothelial and
smooth muscle vascular cells and also reduces insu-
lin-mediated vasodilation [9, 25].

According to some authors, TNF-a is one of the
key cytokines that trigger and enhance inflamma-
tory response after a stroke. Several studies showed
that TNF-a-positive cells can be found in the
brain of patients with severe ischemic stroke from
the third day after the acute cerebrovascular event
(stroke); these cells persist for up to 15 months after
the vascular event. Serum concentration of TNF-a

increases within 6 hours after stroke and remains
high for 10 days [46].

Increased TNF-a level contributes to different
metabolic disorders. The study by Swaroop J. J.
et al. (2012) revealed, in patients with type 2 dia-
betes mellitus, a significant relationship between
the TINF-a level and the functioning of pancreatic
B-cells, insulin resistance index and insulin level
[47]. Many authors believe that TNF-a is one of
the key cytokines involved in the onset of insulin
resistance and type 2 diabetes mellitus. High level
of TNF-a induces insulin resistance in adipocytes
and peripheral tissues, thus disrupting the transmis-
sion of insulin signals through serine phosphoryla-
tion [48]. TNF-a also interferes with the endothelial
pathways of insulin signaling and exacerbates insu-
lin resistance [49-50].

At the same time, a direct relationship was estab-
lished between the level of pro-inflammatory cyto-
kines, including TINF-a, and the concentration of
blood creatinine, as well as the severity of chronic
kidney disease [51]. It was shown that high levels
of TNF-a and other pro-inflammatory mediators
contribute to a more rapid decrease in glomerular
filtration rate and progression of chronic kidney
disease, even taking into account the influence of
other factors [51]. In the kidneys, pro-inflammatory
cytokines induce the expression of reactive oxygen
radicals, lipids, and adhesion molecules, and stimu-
late pathological matrix accumulation and proco-
agulant activity of endothelial cells [51-53].

Also, TNF-a is a key factor that stimulates pathologi-
cal bone resorption in cases of different inflamma-
tory diseases. This pro-inflammatory cytokine can
directly stimulate the synthesis of osteoclast precur-
sors, and can indirectly enhance osteoclastogen-
esis by increasing RANKL expression (an essential
mediator of osteoclastogenesis, cytokine of tumor
necrosis factor family) on osteoclastic precursors.
In addition, it was found that TNF-a was able to
inhibit bone formation by suppressing osteoblast
differentiation [54].

TNF-a (known as cachectin) causes increased basal
energy expenditure, anorexia, and muscle loss in
vivo. A definite relationship was found between
TNF-a level and wasting (up to cachexia) in the
cases of chronic inflammatory diseases, including
infection with the human immunodeficiency virus,
rheumatoid arthritis and oncological diseases [55].
High blood levels of TNF-a are coupled with lower
muscle mass and strength in elderly patients [13].




Apxusb BHyTpeHHE MeAuumHbL ® No 6 o 2020

OB3OPHBIE CTATbHU

According to some authors, increased TNF-a con-
centration is associated with senile asthenia, a sig-
nificant decrease in muscle strength, the risk of cere-
brovascular and cardiovascular diseases, as well as a
more rapid decrease in cognitive abilities in elderly
patients [56].

The effect of TNF-a and other pro-inflammatory
cytokines on sarcopenia can be explained by sev-
eral factors. For many years, it was believed that the
induction of the breakdown of muscle proteins is the
main pathway underlying the relationship between
inflammation and sarcopenia. Later, additional
mechanisms of the effect of pro-inflammatory cyto-
kines (primarily, TNF-a) on muscles were found,
including the stimulation of mitochondrial dysfunc-
tion and oxidative stress. In turn, the effect of TNF-a
on mitochondrial dysfunction can be mediated by
nitric oxide, which plays a significant role in mito-
chondrial functioning. It is known that TNF-a is a
strong inducer of the synthesis of nitric oxide and so
contributes to apoptosis stimulation and increased
production of reactive oxygen species [57].

At the same time, several experimental and clinical
studies demonstrated that TNF-a was able to inhibit
the production of erythropoietin and activate hepci-
din, which can cause anemia of chronic inflamma-
tion. It was established that this cytokine is involved
in a complex mechanism that regulates erythro-
poietin synthesis in response to a hypoxic stimulus,
and reduces the sensitivity of erythroid cells to the
effects of erythropoietin. Stimulation of the synthe-
sis of reactive oxygen species by TNF-a also makes
a certain contribution to the suppression of erythro-
poietin production. At the same time, the inhibitory
effect of TNF-a on the formation and differentia-
tion of erythroid stem cells was revealed [58].

A recent experimental study demonstrated that
TNF-a also plays a role in the regulation of mega-
karyocytic lineage. This pro-inflammatory cytokine
stimulated platelet hyperreactivity and thrombo-
sis in a mouse model of aging. Neutralization of
TNF-a and its receptors, in contrast, decreased
platelet hyperreactivity. Based on the data obtained,
the authors of this work suggested that inflammaging
contributes to platelet hyperreactivity and increases
the risk of thrombosis during aging [59].

A clinical study involving 424 senile individu-
als observed over eight years revealed a gradual
increase in plasma TNF-a concentration associated
with cognitive dysfunction. According to the results
of magnetic resonance imaging, an increased level

CHD

Atherosclero

sis CHF

Arterial Diabetes
hypertension TN F'a mellitus
Chronic Senile

kidney disease asthenia

Osteoporosis

Figure 1. TNF-« and age-related diseases

Note: TNF-a — tumor necrosis factor-alfa, CAD — coronary
artery disease, CHF — chronic heart failure

of TNF-a was associated with decreased volume of
brain gray matter and increased hyperintensity of
white matter. This paper also shows an inverse cor-
relation between TINF-a concentration and cogni-
tive impairments, which were assessed using the
Mini-Mental State Examination scale (MMSE)
[60]. These results suggest that TNF-a level in the
blood will be one of the potential biomarkers of age-
related changes in the brain.

Clinical and experimental studies indicate the
important role of TNF-a in immune response in
elderly people and the increased level of cytokine
with aging. This pro-inflammatory cytokine is asso-
ciated with different age-related diseases and, most
probably, with increased mortality. TNF-a can have
an effect on several risk factors for cardiovascular
diseases and contribute to the development and
progression of atherosclerosis. Further studies are
required to study the role of tumor necrosis factor-a
in subclinical inflammation and the development
of different pathological conditions in senile indi-
viduals and long-livers.
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