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ABSTRACT

Neurogenic inflammation is a pathological process based on bidirectional interactions between cells of the nervous
and immune systems as well as on a wide range of biologically active substances.

Aim. Basing on scientific publications and information provided in databases, to analyze markers of neurogenic
inflammation (biochemical, genetic) and characterize their involvement in the pathogenesis of diseases of various
organ systems.

Results. Neurogenic inflammation that occurs during the development of various diseases (asthma, urticaria,
atopic dermatitis, psoriasis, rheumatoid arthritis, pain syndrome, interstitial cystitis, colitis, etc.) is characterized
by common stages and pathophysiologically active substances. Mediators released by nerve cells (substance
P, calcitonin gene-related peptide, vasoactive peptide), acting on specific receptors, contribute to mast cell
degranulation with the release of a complex of biologically active substances (histamine, tryptase, nerve growth
factor, etc.), which activate inflammatory processes. Biologically active substances and receptors significant for
the development of neurogenic inflammation are under genetic control. At the same time, there are overlaps of
the spectrum of diseases for which importance in the pathogenesis of neurogenic inflammation is proved and an
association between variants of neurogenic inflammation genes. This makes it possible to conclude that the course
of neurogenic inflammation will depend not only on the etiological factors, but also on the genetic features of key
molecules involved in neurogenic inflammation processes. The similarity of the pathogenetic links of neurogenic
inflammation (at the genetic and biochemical levels) in various pathologies may underlie the formation of comorbid
conditions.

Conclusions. Understanding the biochemical and genetic components of the development of neurogenic
inflammation is of interest for prevention and treatment of diseases (including comorbid ones) based on this
pathological process.
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HeliporeHHoe BocnaseHue: GMoxXmmmnyeckne MapKephbl,
reHeTU4YeCKUI KOHTPO/Ib U 60/1e3HK

Kyuep A.H.

Hayuno-uccnedosamenvckuii uncmumym (HUHW) meouyunckou eenemuxu, ToMCKull HAYUOHATbHbILL
uccredosamenvcxull meouyurckull yeump (HHUMIL]) Poccutickoil akademuu Hayk
Poccus, 634050, . Tomck, Habepescnas p. Ywaiiku, 10

PE3IOME

AKTyanasHOCTB. HeifporenHoe BocnaieHue npecTaBisieT co00i MaToIorn4eckuii IpoIecc, B OCHOBE KOTOPOTO
HaXOJATCA [BYHAIIPaBJICHHbIC B3aUMOJCHUCTBUA MEXIY KICTKAMU HEPBHOH M MMMYHHOH CHCTEM, a TaKiKe
IIMPOKHH CIEKTP OMOJIOTMYECKH aKTUBHBIX BEIECTB.

Heas. Ha ocHoBaHNY HayYHBIX ITyOIMKAIMI 1 HHPOPMAIIIH, IPEICTABICHHON B 0a3aX JaHHBIX, IPOAHATN3UPOBATh
MapKepbl HESHPOTeHHOTO BocHaIeHHs (OHOXHMMHUUECKUE, TCHETHIECKHE) U 0XapaKTepU30BaTh UX BOBICUEHHOCTH B
naToreHes OoJsie3Hel pa3IMIHBIX CHCTEM OPTaHOB.

Pe3yabTathl. HeiiporenHoe BocnasieHnue, mpoTeKarolee Ipu pa3BUTHH Pa3IMYHbIX 3a00eBaHUM (acTMa, KpamnuB-
HUIIA, aTOMMMYECKUH IepMaTHUT, IICOpHa3, PeBMaTONIHBII apTPUT, O0JIE€BOM CHHAPOM, HHTEPCTUIIHATBHBINA IIUCTHT,
KOJIUT M JIp.), XapaKTepU3yeTcsl OOIIHOCTHIO 3TATIOB U NMAaTO(PU3NONIOTHYECKH aKTUBHBIX BEIIECTB. Briaensemble
HEPBHBIMH KJIETKaMH MeIHATOPhI (CyOcTaHIus P, KOKanbIMTeHNH, Ba30aKTHBHBIH MENTH), BO3IEHCTBYsI HA CIIEIl-
nuIecKre PerenTophl, ClIOCOOCTBYIOT AETPAHYIIAIMU TyYHBIX KJIETOK C BBICBOOOMXKIEHUEM KOMIIIEKCa OHOTOTH-
YECKH aKTHBHBIX BEIIECTB (THCTAMHH, TPHUIITa3a, POCTOBOH (hakTOp HEPBOB M JIp.), KOTOPbIE aKTUBUPYIOT BOCIIA-
JUTENBHBIN Tporiecc. bruonorndecky akTHBHBIE BEIIECTBA M PELENTOPBI, 3HAUUMBIE ISl Pa3BUTHS HEHPOTEHHOTO
BOCMAJIEHHs, HAXOMATCS MO/ TeHETUYECKUM KOHTPOJIEM.

[Tpu >ToM HabIrOACTCS TIEPEKPBIBAHMS CIIEKTPa 3a00JIeBaHUM, JUIsl KOTOPBIX JI0Ka3aHa 3HAYMMOCTh B IATOT€HE3e
HEWPOTreHHOTr0 BOCHAJEHMS, C OJHOH CTOPOHBI, M ACCOLMHPOBAHHOCTh C BapHaHTAMU T'CHOB HEHPOT€HHOrO
BOCHAJICHUS — C JIPYroif. DTO MO3BOJSIET 3aKIIIOYUTh, YTO XapaKTep TEUCHHUs] HEHWPOTreHHOro BOocHaJeHHs Oyner
3aBUCETh HE TOJBKO OT dTHOJOIMYECKHX (haKTOPOB, HO U OT FCHETHYECKHX OCOOCHHOCTEH KIIFOUEBBIX MOJICKYJ,
BOBJICUCHHBIX B IIPOIECCHl HEeHporeHHOro BocnayieHus. OOIIHOCTh NMaTOrEHETHYECKUX 3BEHBEB HEHPOT€HHOTO
BOCHaJeHHs (Ha T€HETUYECKOM M NATOTCHETHYECKOM YPOBHSX) IPU PA3IMYHBIX MATOJOTHSIX MOXKET JISKaTh B
OCHOBE (hOPMHUPOBAHHUST KOMOPOUTHBIX COCTOSIHUIA.

3akaouyenne. [TonnManne OHOXUMUYECKUX U TEHETHYECKHX KOMIIOHEHT Pa3BHTHS HEHPOTEHHOTO BOCHATICHHS
MIPE/ICTABIISICT MHTEPEC JUIS MPOQMIAKTHKN U JICYCHUS 3a00JIeBaHUH (B TOM YHCIIe H KOMOPOHIHBIX), B OCHOBE
KOTOPBIX JISKHUT JAHHBIH MaTOJOTHIECKHH TIpoIIecc.

KuioueBble c10Ba: HEHPOreHHOE BOCTIaJIECHUE, TeHETHKA.

KnrodeBble ci10Ba: cucTeMbl aHaTN3a, aHTHOMOTHKOPE3UCTEHTHOCTh, aHTUMHUKPOOHBIE TIPEapaTsl, SMUAEMUOIIO0-
TUYECKUIN HaJ30p.

KOHq)JIPlKT HHTEPECOB. ABTOp JACKIApUPYET OTCYTCTBUE SABHBLIX WM NMOTCHUHAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J’II/IKaIII/Ieﬁ HaCTOHU.[eﬁ CTaTbU.

Hcrounuk ¢punancuposanus. VccrenoBanue BEIIOIHEHO B paMKaX TOCYIapCTBEHHOTO 3ajaHUsl MUHHCTEpCTBA
HayKH U BbIciero oopaszosanus Ne 075-00603-19-00.

Jst uutupoBanus: Kyuep A.H. Heliporennoe Bocniasienne: OMOXUMHYECKHE MapKephl, TeHETHIECKHH KOHTPOJIb
u Oonesnu. bronnemens cubupcroi meduyunwt. 2020; 19 (2): 171-181. https://doi.org: 10.20538/1682-0363-2020-
2-171-181.

INTRODUCTION

The relationship between the nervous and immune
systems is actively studied in terms of their involve-
ment in the pathogenesis of various diseases, and in
this aspect, neurogenic inflammation is of particular
interest [1, 2]. Neurogenic inflammation is understood
as a cascade of pathogenetically significant events
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due to the local release of inflammatory mediators
from nerve cells in response to non-infectious stimuli
[3-5]. The effect of certain stimuli (allergens, chem-
icals, etc.) on the nerve endings triggers processes
involving different types of immune cells, peripheral
and central nervous system nerve fibers, and numerous
physiologically active substances. In particular, it has
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been proven that, with the development of allergic in-
flammation, neurons actively interact and regulate the
functioning of mast cells, dendritic cells, eosinophils,
Th2 cells, etc., and complex and often bidirectional re-
lationships are formed between different types of cells
[6, 7]. The pathogenesis of a large number of diseases
and/or symptoms of diseases (including asthma, urti-
caria, contact dermatitis, atopic dermatitis, psoriasis,
rheumatoid arthritis, pain syndrome, autism, cystitis,
etc.) is associated with neurogenic inflammation, and
their spectrum is constantly increasing [1, 2, 8—18].
The bronchopulmonary system, gastrointestinal tract,
urogenital system and skin are the most well-studied
systems in terms of processes occurring in the de-
velopment of neurogenic inflammation, as they are
primarily exposed to various damaging exogenous

agents. Clinical and experimental data accumulated so
far show similarities between the stages of neurogenic
inflammation in different organ systems [6, 11, 19, 20].

BIOCHEMICAL MARKERS OF NEUROGENIC
INFLAMMATION

In a generalized (and simplified) form, the deve-
lopment of the neurogenic inflammatory process can be
presented in the following way (Fig. 1). In response to
irritation, the sensory neurons located in the epithelial
layer of the skin, respiratory tract, gastrointestinal tract,
and urinary system secrete neuropeptides (substance
P — SP, vasoactive intestinal peptide — VIP, calcitonin
gene-related peptide — CGRP), which activate mast cells
by acting on appropriate receptors (NK1, MRGPRX2,
VIPR1, CGRP-R).
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Figure 1. Schematic representation of the development of neurogenic inflammation (compiled from [6, 21, 22]). SP is substance
P, NK1 is substance P receptor; VIP — vasoactive intestinal peptide, VIPR1 and MRGPRX — vasoactive intestinal polypeptide
receptors; CGRP — calcitonin gene-related peptide, CGRP-R — receptor for calcitonin gene-related peptide; 5-HT — serotonin,
NGF — nerve growth factor, p7SNTR and TrkA — NGF receptors; TRPV1 and TRPA1 — calcium channels; IL1B, IL6, IL31, IL33 —
interleukin-1B, -6, -31, -33, respectively, TNFa — tumor necrosis factor alpha, TSLP — thymic stromal lymphopoietin; OSMR and
IL17RA form the receptor for TSLP and IL31; ST2 — receptor for IL33; HR — histamine receptors (four types of histamine receptors
are known — HIR, H2R, H3R, and H4R), PLC — phospholipase C; MAPK — mitogen-activated protein kinase, NFkB — nuclear
factor kappa-b. Details — see text
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Following the activation, various physiologically
active substances are released from mast cells — his-
tamine, tryptase, serotonin (5-HT), nerve growth
factor (NGF), and others. Histamine, by activating
the NFkB/MAPK metabolic pathway, promotes the
production of pro-inflammatory cytokines (IL1B,
TNFA, NGF, IL6), resulting in the development of
the inflammatory process. Influencing the receptors
localized on nervous fibers, histamine, IL31 produced
by Th2 cells, IL33, NGF, and TSLP (thymic stromal
lymphopoietin) produced by tryptase-activated kerati-
nocytes (in the case of a pathological process affecting
the skin, as in allergies, for example) are capable of
activating TRPV1 and TRPA1 calcium channels. The
activation of calcium channels increases the entry of
calcium ions into cells, which, in turn, promotes the
release of neuropeptides, thereby increasing the im-
muno-inflammatory response. As a result, patholog-
ical reactions, such as itching, pain, bronchospasm,
cough, sneezing, bowel spasm, abdominal pain, etc.,
are observed, i.e. there is a wide range of patholog-
ical reactions, depending on which organ develops
neuroinflammation. In addition, CGRP released by
skin sensory neurons in response to irritation not only
induces polarization of immune cells along the Th2
pathway, but also stimulates keratinocyte division [6].

It is worth noting that the same biologically active
substances (histamine, NGF, TSLP) are able to acti-
vate different types of cells and are involved in various
pathophysiological processes, and some of them (his-
tamine and substance P) have both paracrine and au-
tocrine mechanisms of regulation, which complicates
the development of the pathological process. In gener-
al, mediators involved in neuroinflammation, such as
substance P, histamine, and 5-HT form a self-regulat-
ing cycle around the calcium channels, and regardless
of the stage at which it started, even minor activation
of more than one stage results in synergistic activation
of the entire cycle [21]. This indicates that potential-
ly neurogenic inflammation can act as a significant
component of the pathogenesis for a wide range of
diseases, regardless of the etiological factor, if there
is an imbalance in the synthesis/degradation of neu-
roinflammatory mediators. For example, pathological
processes by the type of neurogenic inflammation are
recorded both in case of allergic asthma [1] and in
case of exposure to tobacco smoke (in tissues of lungs,
nasal mucosa, larynx, and brain) [4, 23].

Similar (or very close) mechanisms of inflam-
matory process development are observed in other
pathologies. The development of neurodegenera-

tive processes (Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis) involves inflammato-
ry and neurotoxic mediators, such as IL1B, 1L33,
TNFa, substance P, and others [20], which are re-
leased by mast cells, neurons, and other cell types.
This results in the increased concentration of Ca
ions within cells and activation of mitogen activat-
ed kinase-like protein (MAPK) and nuclear factor
NF-kappa-B (NFkB). In addition, when the blood-
brain barrier is damaged (due to the progression of
neurodegenerative diseases or for some other rea-
son), immune cells and inflammation mediators may
enter the brain from the periphery, which enhances
neuroinflammation and neurodegenerative process-
es in these diseases.

According to I.V. Stagineva and A.G. Volkov
[24], the division of facial pain symptoms in diseas-
es of perinasal sinuses into somatic and neurogenic
ones is justified only in terms of etiological factors,
while in clinical manifestation of diseases, the patho-
genetic mechanisms are inseparable. Involvement of
substance P, histamine, and other substances signifi-
cant for development of neurogenic inflammation in
pathophysiological processes in rheumatoid arthritis
[11], psychogenic urticaria [8], rhinosinusitis [13],
facial pain in rhinosinusitis [24], cerebral dysfunction
in chronic tobacco smoking [23], psoriasis [10], and
cystitis [ 18] was established. Interestingly, histamine,
being one of the key molecules of neurogenic inflam-
mation, can not only provoke the development of
well-known allergic pathological reactions of the skin
(itching, urticaria) and bronchopulmonary system
(nasal congestion, rhinorrhea, bronchospasm, etc.),
but also lead to disruption of the cardiovascular and
nervous systems (arrhythmias, anaphylaxis, hypo-
tension/hypertension, dizziness, headache, migraine,
vomiting, excitement, body temperature regulation,
etc.), gastrointestinal tract (flatulence, abdominal
pain), genitourinary system (dysmenorrhea, intersti-
tial cystitis) , etc. [3, 25, 26]. Considering the impor-
tance of this amine for the development of neurogenic
inflammation, it can be assumed that the neurogenic
component may be significant to a certain extent for
all these pathologies.

Neurogenic inflammation is a protective reaction
of the body in response to certain exogenous stimuli.
However, under certain conditions (long-term stim-
ulus exposure, imbalance in the regulation of sub-
stances stimulating and inhibiting neurogenic inflam-
mation, etc.), this pathophysiological process may
become chronic.

174 Bulletin of Siberian Medicine. 2020; 19 (2): 171-181



Reviews and lectures

ASSOCIATIONS BETWEEN GENES WHICH
PRODUCTS ARE INVOLVED IN NEUROGENIC
INFLAMMATION AND DISEASES

The development of neurogenic inflammation
involves numerous molecules of different function-
al classes, the structural and functional properties
of which depend on the genes encoding them or the
genes which products are involved in the synthe-
sis and degradation of such biologically active sub-
stances (in particular, histamine, serotonin synthesis).
Neurogenic inflammation genes have been studied to
varying degrees in terms of association with diseas-
es and/or pathological phenotypes (table 1). Tumor
necrosis factor alpha gene (7NF) and interleukin 1B
(IL1B) gene were most frequently used for analysis,

single reports are available for the tryptase beta 2 gene
(TPSB2) and one MAS related GPR family member
X2 (MRGPRX2). However, already at this stage of re-
search, based on the accumulated data, it can be con-
cluded that the overwhelming number of neurogenic
inflammation genes can be characterized as highly
pleiotropic (wherein the pleiotropy index is higher the
more the gene studied). Yet, a high pleiotropy index
of genes is combined with a low specificity index, i.e.
gene variants more often show associations not with
the disease, but with phenotypes (signs) and disease
groups. It can be assumed that in this case the genes
of neurogenic inflammation are more likely to act as
genetic background determining the response to a par-
ticular exogenous stimulus (etiological factor) than as
main causal factors of disease development.

Table 1
Functional “loading” of genes which products are involved in the processes of neurogenic inflammation*
Genes** Total associated diseases/pheno- DPI — Disease Pleiotropy | DSI— Disease Specifici- | The number of associated
types Index ty Index SNPs
TNF* 1640 0.966 0.263 21
IL1B 1035 0.931 0.312 15
PTGS2 832 0.897 0.338 24
POMC 557 0.862 0.382 20
NGF* 323 0.862 0.426 5
NTRK1 306 0.759 0.443 36
TRPV4* 289 0.759 0.519 51
CALCA* 274 0.828 0.456 1
TACI* 252 0.793 0.473 -
TRPV1* 173 0.724 0.532 5
F2RL1 165 0.724 0.514 1
1L33 164 0.793 0.503 18
NGFR 160 0.724 0.508 2
VIP 152 0.759 0.526 2
DDC 131 0.621 0.554 50
IL7R 121 0.724 0.538 19
TSLP 107 0.690 0.547 9
TACRI1* 105 0.724 0.559 6
MCAM 85 0.621 0.572 1
TRPA1 74 0.621 0.639 4
APP 71 0.862 0.430 63
PLCGl1 62 0.517 0.611 4
VIPR1 56 0.483 0.624 2
IL1IRL1 54 0.586 0.616 38
PNOC 52 0.414 0.672 -
HRHI1 45 0.414 0.685 2
CRLF2 43 0.483 0.639 2
IL31RA 42 0.517 0.645 4
HDC 39 0.517 0.639 6
OSMR 38 0.448 0.648 8
HRH3 37 0.345 0.648 2
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Table | (continued)

Genes** Total associated diseases/pheno- DPI — Disease Pleiotropy | DSI— Disease Specifici- | The number of associated
types Index ty Index SNPs

AMN 36 0.517 0.701 19
HRH2 32 0.310 0.663 -
HRH4 32 0.379 0.676 8
VIPR2 31 0.483 0.667 2
CIRBP 30 0.448 0.663 -
TPH2 28 0.552 0.562 28
IL31 23 0.276 0.727

CALCRL 21 0.517 0.707 2
MRGPRX1 21 0.483 0.752 -
TPSABI1 15 0.345 0.762 -
TPSD1 11 0.276 0.799 -
TPSGl 11 0.276 0.773 -
TPSB2 2 0.103 1.0 -
MRGPRX2 0.069 1.0 -

Note. * The information is taken from the DisGeNET database [27, 28]. ** Included genes are categorized as “neurogenic inflammation” according
to DisGeNET (in bold) and according to scientific publications (neurogenic inflammation proteins shown in the diagram, Fig. 1). Gene TNF
encodes TNFA protein, NTRKI gene — TrkA; CALCA gene — CGRP, TAC! gene — substance P (SP), F2RLI gene — PAR2, NGFR gene — p75NTR,
DDC and TPH?2 gene products are involved in serotonin synthesis (5-HT), IL7R gene encodes IL7RA, gene TACRI — NK1 receptor, PLCGI gene
—PLC protein, /LIRLI gene — ST2 receptor, HRHI, HRH2, HRH3, and HRH4 genes — 4 types of histamine receptors (HR), respectively, CRLF2
gene — TSLPR, HDC gene — an enzyme involved in the synthesis endogenous histamine; CALCRL gene — CGRP-R, genes TPSAB1, TPSD1, TPSG,
and TPSB2 genes encode tryptase; names of other genes correspond to the name of the proteins they encode. # Genes that are related to neurogenic
inflammation according to various sources used for analysis were noted. DPI — Disease Specificity Index: the higher the index, the greater the
number of different classes of diseases (MeSH) associated with the gene; Disease Specificity Index — DSI —varies from 0.25 to 1; the larger the

index, the smaller the number of diseases associated with the gene.

For example, variants of the 74AC/ gene (encod-
ing substance P) are associated with a wide range of
diseases and phenotypes (depressive disorder, mental
depression, gastroesophageal reflux disease, hyperre-
activity of the bronchi, hyperemia, cirrhosis, colitis,
pain, itching, tactile allodynia, inflammation, hyper-
algesia (secondary), neuralgia, fibrosis, hypotension,
bradycardia, allergic reactions, edema, etc.). Some of
these diseases are also associated with variants of the
TACRI gene encoding the substance P receptor (in-
cluding hyperalgesia, mental depression, bradycardia,
tactile allodynia, colitis, etc.) [27, 28]. This is con-
sistent with the pathogenetic significance of proteins
encoded by these genes in the universal neurogenic
component of the pathogenesis of a wide range of
diseases of various organs and systems.

As indirectly evidenced by associative studies, the
spectrum of diseases for which neurogenic inflamma-
tion may be pathogenically significant is wider than
that currently recognized. Neurogenic inflammation
genes are overrepresented among genes associated
with diseases of various organ systems (that is, they
are recorded more frequently than if associations of
the corresponding diseases with these genes were
randomly detected) (table 2). Given the functional

significance of neurogenic inflammation genes, it is
expected that they are overrepresented among genes
associated with such diseases/signs as hyperalgesia,
swelling, inflammation and pain, itching, asthma,
atopic dermatitis, and psycho—neurological disor-
ders. In addition, genes of this pathological process
are overrepresented among genes associated with
diseases of the cardiovascular system (hypotension,
hypertension, atherosclerosis, bradycardia, etc.), gas-
trointestinal tract (colitis), urogenital system (glome-
rulonephritis, albuminuria, cystitis), etc. For example,
according to the DisGeNET database [27, 28], associa-
tions between the variants DDC, HRH1, ILIB, PNOC,
POMC, TACI, TNF, and VIP and hypotension were
established (for 8 out of 82 genes associated with this
pathology, the achieved level of the false discovery
rate was FDR = 1.27-10°, see tab. 2); CALCA, HRH3,
ILIB, POMC, PTGS2, NACRI, TNF were associated
with hypertension (for 7 out of 302, FDR = 0.029),
HRHI, PTGS2, TNF, TRPVI- with atherosclerosis
(for 4 out of 59, FDR = 0.0164), ILIB, NGF, POMC,
TNF — with glomerulonefrity (for 4 out of 40, FDR
=0.004), ILIB, PTGS2, TNF — with colitis (for 3 out
of 40, FDR = 0.031), etc. In general, these associa-
tions are easily explained in view of the importance of
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Table 2
Results of enrichment analysis for genes which products are involved in neurogenic inflammation
Disease/symptom Calculated parameters*®

N E R P FDR
Hyperalgesia 80 0.349 34.36 4.44-10°'¢ 1.14-10"2
Edema 69 0.301 26.56 4.25-101° 7.25-107
Bronchial hyperreactivity 12 0.052 95.44 9.42-10°1° 1.02-10°
Inflammation 114 0.498 18.08 1.00-10” 1.02-10°
Pain 79 0.344 23.20 1.28-10° 1.01-10°
Hypotension 82 0.358 22.35 1.74-10° 1.27-10°
Pruritus 59 0.258 27.18 4.96-10° 3.17-10°
Amnesia 17 0.074 67.378 7.24-10° 4.12-10°
Mental depression 260 1.135 9.69 8.37-10°% 4.28:10°
Experimental arthritis 40 0.175 34.36 1.60-10°® 7.42-10°
Bipolar disorder 516 2.253 5.77 1.39:107 5.93-10°
Depressive disorder 413 1.803 6.100 9.37-107 3.69-10*
Substance withdrawal syndrome 53 0.231 21.61 3.00-10° 0.0011
Asthma 99 0.432 13.88 3.86:10° 0.0013
Glomerulonephritis 34 0.149 26.95 1.31-10° 0.0041
Mood disorders 187 0.816 8.57 1.14-10° 0.0041
Fever 127 0.554 10.82 1.63-10° 0.0044
Trigeminal neuralgia 12 0.052 57.26 1.65-10° 0.0044
Atopic dermatitis 37 0.161 24.76 1.85-10 0.0047
Hyperemia 13 0.057 52.86 2.14-10° 0.0052
Memory disorders 40 0.175 2291 2.53:10° 0.0059
Neuralgia 14 0.061 49.08 2.71-10° 0.0060
Multiple sclerosis 42 0.183 21.81 3.08-10° 0.0066
Gastric ulcer 18 0.0795 38.18 6.00-10° 0.0123
Schizophrenia 1,041 4.54 3.08 7.06-10° 0.0139
Necrosis 53 0.231 17.88 7.79-10° 0.0148
Lung injury 20 0.087 34.36 8.33-10° 0.015
Cerebrovascular accident 57 0.276 14.49 1.53-10* 9.46-10°
Overactive Bladder/Cystitis/Hereditary sensory and autonomic
neuropathies/Acral ulceration and osteomyelitis leading to 4 0.017 114.53 1.11-10* 0.016
autoamputation/Anthracosis/HIV wasting syndrome**
Major depressive disorder 262 1.144 6.12 1.19-10* 0.016
Atherosclerosis 59 0.258 15.53 1.19-10* 0.016
Nerve degeneration 120 0.524 9.54 1.61-10* 0.022
Albuminuria 25 0.109 27.49 1.66-10* 0.022
Hered¥tary sensory z?u.tonomm neuropathy, type 5/Absence of pain 5 0.022 91.62 1.84-10% 0.022
sensation/Polymyositis**
Learning disorders 29 0.127 23.70 2.60-10* 0.029
Congenital pain insensitivity/Sleep—wake disorders/Infection/
Postmenopausal osteoporosis /Dermatomyositis/Extravasation of 6 0.026 76.35 2.76:10* 0.029
diagnostic and therapeutic materials**
Hypertensive disease 302 1.319 5.31 2.85-10* 0.029
Cognitive disorders 30 0.131 2291 2.88-10* 0.029
Colitis 31 0.135 22.17 3.18-10* 0.031
Transitional cell carcinoma 33 0.144 20.82 3.83-10* 0.037
Occupational asthma 7 0.031 65.44 3.85-10* 0.037
Bradycardia 36 0.157 19.09 4.97-10* 0.045
Common migraine/Pleurisy/Cutaneous leishmaniasis** 8 0.035 57.26 5.12-10* 0.045
Thyroid neoplasm 37 0.162 18.57 5.40-10* 0.047
Pneumonia 89 0.389 10.29 5.80-10* 0.0495

Note. * The enrichment analysis was conducted by WebGestalt [30, 31] using the ORA (Overrepresentation Enrichment Analysis) method,
for the “Diseases” category — according to DisGeNET [27, 28]; N — the total number of known genes associated with the disease/trait; £ — the
expected number of associated genes for a given disease/trait from those tested; R — excessive representation of genes in the test panel compared
with the expected number (enrichment); p — the achieved level of significance in assessing the enrichment, FDR — the level of significance with
the Benjamin—Hochberg adjustment. ** Diseases with the same calculated parameters are given, but which may be associated with different genes.
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inflammation in the development of the above-men-
tioned diseases. Support for neurogenic inflammation
as one of the pathogenetically significant processes in
these pathologies is provided by clinical and experi-
mental studies [2, 29, etc.].

The data given in the DisGeNET database [27, 28]
on the association of genes with diseases have differ-
ent evidence base, but for 18 of them highly significant
connections were established (table 3). Variants of
neurogenic inflammation genes not only predisposed
to the development of diseases of the multi-factorial
nature, but also acted as a cause of monogenic diseas-

es. Among the diseases with the proven involvement
of neurogenic inflammation genes in the pathogene-
sis, there is a wide range of mental and neurological
disorders (vascular dementia, familial autonomic dys-
function, mental incapacity, etc.), asthma, migraine,
endocrine disorders (obesity), pain sensitivity disor-
der, immune disorders, etc. Certainly, not all of the
diseases listed in tables 2 and 3 have neurogenic in-
flammation as the only mechanism in the pathogene-
sis, but this component can be expected to be at least a
modifying factor in the development and clinical pic-
ture of the disease.

Table 3
Diseases for which the pathogenetic significance of genes involved in neurogenic inflammation has been proven
Genes Diseases
INF Susceptibility to asthma {600807/AD}, malaria, cerebral, {611162}, migraine without aura {157300/AD}, vascular dementia®,
septic shock®
ILIB Familial Méniére disease (L); gastric cancer risk after H. pylori infection {137215/AD}
PTGS2 Familial Ménicre disease (L)
POMC Obesity, adrenal insufficiency, and red hair due to POMC deficiency {609734/AR}; susceptibility to obesity, early onset
{601665/Mu, AR, AD}
NGF Intellectual disability* (S); pain disorder (S); Charcot—-Marie—Tooth disease (S); familial dysautonomia (S); sensory and
autonomic hereditary neuropathy, type V {608654/AR}
NTRK] Intellectual disability* (S); pain disorder (S); Charcot-Marie—Tooth disease (S); familial dysautonomia) (S); congenital
insensitivity to pain with anhidrosis {256800/AR}; familial medullary thyroid carcinoma {155240/AD}
TRPV4 Charcot-Marie—Tooth disease (S); arthrogryposis (S); intellectual disability* (M); Klein—Levin syndrome (L)
DDC Intellectual disability* (S); aromatic L-amino acid decarboxylase deficiency {608643/AR}
IL7R Severe combined immunodeficiency, T-cell negative, B-cell/natural killer cell-positive type {608971/AR}
TRPAI Pain disorder (S); familial episodic pain syndrome {615040/AD}
APP Periodic fever syndrome (L); familial Alzheimer’s disease, 1{104300/AD}; cerebral amyloid angiopathy, Dutch, Italian, lowa,
Flemish, Arctic variants {605714/AD}

CRLF2 Intellectual disability* (L)
IL31RA Periodic fever syndrome (L); primary localized cutaneous amyloidosis, 2 {613955/AD}
HDC susceptibility to the Tourette syndrome {37580/AD}
OSMR Periodic fever syndrome (S); primary localized cutaneous amyloidosis, 1 {105250/AD}
AMN Congenital anemia (S), cytopenia** (S); megaloblastic anemia — 1, Norwegian type {261100/AR}

Intellectual disability* (S); susceptibility to attention deficit hyperactivity disorder, 7 {613003}; susceptibility to unipolar
TPH2 .

depression {608516}

TPSABI Ehlers—Dunlos syndrome (L)

Note. The level of evidence of the association between the gene and pathologies according to ClinGen and Genomics England (taken from
DisGeNET [27, 28]) is given in parentheses: S is a strong link; M is a moderate bond, L is a weak bond; in curly brackets, catalog OMIM number
and type of inheritance are given (AD is autosomal dominant; AR is autosomal recessive, Mu is mutational nature) [32]. The following notation is
used: * groups of pathologies, ** phenotypes; * phenotype number in OMIM is not specified.

In addition to structural variants of genes, the course
of neurogenic inflammation may be influenced by epi-
genetic mechanisms, which, in turn, may depend on
environmental factors. Thus, between pregnant wom-
en with preeclampsia and women with normal preg-

nancy there are differences in the level of methylation
of neurogenic inflammation genes (POMC, CALCA)
in blood leukocytes [33], which can also determine
differences in the level of expression of these genes.
According to the information provided in DisGeNET
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[27, 28], variants of these two genes are also associat-
ed with hypertension, as shown in the vast majority of
associated studies performed.

COMORBIDITY OF DISEASES WITH
A SIGNIFICANT COMPONENT

OF NEUROGENIC INFLAMMATION
IN THE PATHOGENESIS

The similarity of the genetic and biochemical com-
ponents of neurogenic inflammation in various pathol-
ogies suggests the possibility of forming a comorbi-
dity (polymorbidity). The largest number of clinical
studies were carried out to investigate comorbidity
between allergic and neuropsychiatric diseases (see
review [34]). The obtained data strongly show that not
only allergic diseases increase the probability of co-
morbidity with neuropsychiatric diseases, but patients
with neuropsychiatric disorders have a higher risk of
developing allergic pathologies. Other examples of
comorbidity are also known. Thus, it has been shown
that in bronchial asthma exacerbation of diseases of
the gastrointestinal tract is often observed (in gastric
mucosa, an increase in the number of cells activat-
ed by histamine is registered during exacerbation of
bronchial asthma) [35]. In depression, dysregulation
of the enzymatic production and degradation of cate-
cholamines, neurotransmitters (including histamine),
hormones, and immunological proteins is detected.
Cyclic interactions are recorded between these mole-
cules, when an increase or a decrease in one parameter
can lead to stimulating or inhibitory action for others
[22], which is well consistent with the model of neu-
rogenic inflammation in which histamine is involved
(Fig. 1). It has also been found that an increase in the
level of inflammatory markers in brain tissues can
lead to a change in the systemic immune response at
the periphery [36]. In animal studies, chronic stress
has been shown to increase the expression of /L/B and
TACI genes in white blood cells, as well as to disrupt
the functioning of the pulmonary system [37]. In case
of comorbidity of various diseases (for example, aller-
gic and neuropsychiatric disorders), the commonality
of the pathophysiological mechanisms is maintained
not only by similar neurogenic inflammation mecha-
nisms, but also by the results of genetic studies per-
formed using both the candidate gene approach [38]
and Genome Wide Association Studies (GWAS) [39].

CONCLUSION

Thus, the commonality of the pathophysiological
processes in the development of neurogenic inflam-

mation and the genetic features of individuals accord-
ing to polymorphic variants of neurogenic inflamma-
tion genes may underlie the formation of comorbid
conditions, such as allergic diseases, manifested at the
level of various organ systems (bronchopulmonary
system, gastrointestinal tract, etc.), and neuropsychi-
atric disorders. It can be assumed that the develop-
ment of chronic neurogenic inflammation in one or-
gan can increase the risk of comorbid inflammatory
diseases in other organ systems. This can be facilitated
by the transfer of histamine, substance P, and other
key mediators of neurogenic inflammation (including
penetration through the damaged blood-brain barrier),
as well as some environmental factors with a unidirec-
tional adverse effect (for example, excessive intake of
histamine with food), especially if the genetic features
of individuals are favorable for development of neuro-
genic inflammation.

Therefore, it is important to identify the diseases
in the pathogenesis of which neurogenic inflammation
plays a significant role. Establishing the commonality
and specificity of the pathophysiological processes of
neurogenic inflammation at biochemical and genetic
levels in the development of pathological conditions
of different organ systems is essential for understand-
ing the patterns of disease formation, which may help
prevent the disorders and determine the treatment
strategy for patients, including the ones with comor-
bidities.
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