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CYHACHI YS4BJIEHHS NPO BIJINB NECTULUMAIB
HA MIKPOBIOM KULLUEYHUKA,
NOro METABOJIITU TA CTAH 3JOPOB’ 4

PE3FOME. IIpomsazom ocmanHix poKig 3p0cmac y8aea Haykosyie 00 eUsHeHHsA KUWKO8020 MIKPOOIOMY AK KII0Y08020 YUHHUKA, WO
BUBHAYAC CMAH 300P06 5 IOOUHU MA 6NIUBAE HA Nepedie YUCIeHHuX 3axeopiosans. Ocobaueull inmepec CmanoBIsAMy 3MiHU MIKpO-
biomu ma it memabonimis nio nIUBOM (Paxmopie 06K, 30KpeMa XIMIUHUX A2eHMi8, MAKUX K Necmuyuou.

Mema. V3azanonumu cyuacui ysieients wooo enaugy necmuyuoie Ha MiKpooiom KuueuHuxd, to2o Memabonimu ma cmar 300pog si.
Mamepianu ma memoou. [Iposedero ananimuynuil 0210 cyuacHux nyonikayill naykosux owain Oioniomex PubMed, MedLine,
Elsevier, BioMed Central, Medscape npo mikpobiom Kumeunuka, po3ensiHymo aknyaibhi Konyenyii poii Mikpobiomu wjooo niompum-
KU 20MeOCmamuyHux MexaHiamie opeaniamy, a makodxte oKpecieHo NOmeHyiiHi WasXy po3eUmKy posnaois, AKi MOXCYMb SUHUKAMU 8
CMAHI KUWK0B0I Mikpobiomu ma 300poe6’ i Ioounu y 6ionosios Ha 00620mpusaie HA0X00XCeHHs NeCmuyudis.

Pezynomamu docnioxcens. V3azanivHeHo ma cucmemMamu308aHo Cy4acHi 00CIIONCEHHS, NPUCESHEHT (YHKYIOHAbHITL POl MIKpOOIoMy
KUWeyHuKa i tioeo Memaobonimis wodo niompumxy 300p0o8 s JI00UHU, d MAKONC 3MIHU, W0 BUHUKAIOMb 610 00820MPUBAIO20 GNIUBY
pizHux Kkaacie necmuyudis. Hasederno mexanizmu ghopmysans oucoiosy uepes 0io necmuyudis, wo CnputuHsIOns NOPyueHHs Kilb-
KICHO20 ma KICHO20 CKAady Mikpobiomu, il QyHkyionanvhoi ma memaboniunoi axmusrocmi. IIpoananizosano 3minu 6 cmaui 300-
P08 51 II0OUHYU Y 6I0N08I0b HA PopMyeanHs: Ou30i03y 8 MIKDOOHIL CRiTbHOMI KUWEUHUKA Ma 3MiHU CKAady il Memabonimie 3a eniusy
necmuyuois.

Bucnosxu. Mikpobiom kuwieunuxa ma 1020 memadonimu 6i0icpaioms 6axciusy pois y 300p08 T I0OUHU, pe2yioyy MemadoniuHuil
2omeocmas. Topywennsa yiei pignosazu modxce npussechu 00 BUHUKHEHHA 0A2ambox 3ax80piosans. Pisui knacu necmuyudie uunHAmb
HEOOHAKOBUIL BN HA KUUIKOBY MIKpobiomy ma ii Memabonimu, wo nioKpecoe HeoOXiOHIcHb OemanbHOT OYiHKY NO8 S3AHUX PU3L-
kie. Kovnnexcra oyinka be3nexu necmuytioie Mae oXonuoeamu 00CHi0NCeHHs. IXHbO20 6NIUBY HA MIKDOOHUI CKIAO KUMEYHUKA, (YHK-
YIOHATILHY aKMUGHICIb MIKpOOiomu ma ocoonueocni MIKpooHoeo memabonismy. Mexanizmu Kopomko- ma 00620Mpusanozo 6Nniuey
necmuyudie Ha MiKpoOiomy KueyHuxa, ii Memaoonimu ma 3miHu Cmany 300pos s oOUHU ROMpedyionb NoOAIbU020 6CeDINHO20
BUBUEHHSL.

Kniouosi cnosa: necmuyuou, kuwikosuti MIKpooiom ma 11020 memabonimu, oucoios.

M. Prodanchuk, G. Balan, P. Zhminko
LI Medved's Research Center of Preventive Toxicology, Food and Chemical Safety,
Ministry of Health, Ukraine (State Enterprise], Kyiv, Ukraine

CURRENT PERCEPTIONS OF THE EFFECTS OF PESTICIDES
ON THE GUT MICROBIOME, ITS METABOLITES, AND HEALTH STATE

ABSTRACT. Recent years have seen a marked increase in the interest surrounding the study of the intestinal microbiome. This is due
to the recognition of the intestinal microbiome as a key factor determining human health and influencing the course of numerous dis-
eases. Of particular interest are changes in the microbiota and its metabolites under the influence of environmental factors, in partic-
ular chemical agents such as pesticides.

Aim. To summarize current understanding of the impact of pesticides on the gut microbiome, its metabolites, and health status.
Materials and Methods. A thorough examination of contemporary publications in scientific online libraries PubMed, MedLine,
Elsevier, and BioMed Central, Medscape concerning the gut microbiome was conducted. This analysis aimed to explore current con-
cepts regarding the role of the microbiota in maintaining homeostatic mechanisms within the body. Furthermore, it sought to delineate
potential pathways for the development of disorders that may emerge in the state of the gut microbiota and human health in response
to long-term exposure to pesticides.

Research results. Modern research on the functional role of the intestinal microbiome and its metabolites in maintaining human
health, as well as changes arising from long-term exposure to various classes of pesticides, is summarized and systematized.
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Mechanisms of dysbiosis formation due to the action of pesticides, which cause disturbances in the quantitative and qualitative com-
position of the microbiota, its functional and metabolic activity, are presented. Changes in human health in response to the formation
of dysbiosis in the intestinal microbial community and changes in the composition of its metabolites under the influence of pesticides

are analysed.

Conclusions. The gut microbiome and its metabolites play an important role in human health by regulating metabolic homeostasis.
Disruption of this balance can lead to the occurrence of many diseases. Different classes of pesticides have different effects on the gut
microbiota and its metabolites, which emphasizes the need for a detailed assessment of the associated risks. A comprehensive safety
assessment of pesticides should include studies of their effects on the gut microbial composition, functional activity of the microbiota
and features of microbial metabolism. The mechanisms of short- and long-term effects of pesticides on the gut microbiota, its metabo-
lites and changes in human health require further comprehensive study.

Keywords: pesticides, intestinal microbiome and its metabolites, dysbiosis.

Beryn. JloBrorpuBanuii BIUTUB MECTUIINIIB
(IT) OB’ s13y10TH 13 PO3BUTKOM IIUPOKOTO CTICK-
Tpa MaTOJOTIYHHUX CTaHIB, BKIIOUAIOUU IOPY-
IICHHS PEryJiAlii HEpBOBOi, IMyHHOI, €HJIOK-
PUHHOI Ta remaroOiuTiapHOi CHCTEM, a TaKOX
(GYHKIIIOHATBHUX PO3JIAIIB UTYHKOBO-KHIIIKO-
Boro Tpakty (LLIKT) [1-3]. IT 3I[aTHi CIPUSTH
BHHUKHCHHIO MCTA0OTITHIX PO3IazIiB, hopmy-
BAHHIO 1HCY/TIHOPE3UCTEHTHOCTI Ta OXMPIHHS
[4]. KpiMm TOrO, BCTAHOBIIEHO IXHIO 3aTHICTh
MOpyIIyBaTH IMUTICHICTh  emiTeNialbHUX
Oap’epiB, 1HAyKyBaTW 3amajibHi IMpoLecHu U
BIUTMBaTH Ha cekpetopHi pynkiii LHKT [5, 6].

YIpomoBX OCTaHHIX JECATHIIITH CIIOCTEPi-
raeThCsl 3pOCTAHHS HAYKOBUX ITyOJiKaIlii, 1o
BUCBITIIOIOTh MPSIMUNA Ta ONOCEPEAKOBAHUI
BB [l HAa KWIIKOBMI MiKpoOioM Ta HOTO
METaOOIITH, SIKI € KIFOYOBUMHU PETYISATOPAMH
MeTabOoIIYHOTO TOMEOCTa3y B oprasi3mi [5, 6].
JoBeneHo, mo oauHa-rocnojap, i KMIIKOBa
Mikpo0ioTa (YyHKIIIOHYIOTh SIK €IMHUN «MeTa-
OoniyHU opran», Mo 3abe3rneuye BUKOHAHHS
YHCJICHHUX JKUTTEBO BAXJMBUX 3aBIaHb,
HEOOXITHUX JUIS TiATPUMAHHS 370pOB’sl.
BusiBieHO MIKiATMBUN TOBrOTPUBAIHMIA BIUIHB
HaBITh MaJIUX 103 TepOIUAIB, IHCEKTUIIU/IIB,
¢byHrimuaiB ta iHmmx Il Ha cTaH KUIICYHHKA,
Horo Mikpo0ioTH, MeTa0OoMIYHUK TIPOdiIh Ta
3arajibHe 3/10pOB’sl TBAPHUH 1 JIIOIUHH.

MeTa. Y3aranbHUTH CydacHi YSIBICHHSI PO
BuB [l Ha MIiKpOOiOM KHIIEYHUKA, HOTO
MeTaOOoJIITH Ta CTaH 3710POB’Sl.

Marepianu Ta meroau. [IpoBeneHo anami-
TUYHUN OS] CyYacHHX ITyOImiKaiiii HayKOBHX
onnaiin 6i0miorexk PubMed, MedLine, Elsevier,
BioMed Central, Medscape mpo MikpoOiom
KUIICYHUKA, PO3MITHYTO aKTyaJIbHI KOHIETI]
10710 POJTi MIKPOOIOTH Yy TiATPUMAaHHI TOMEOC-
TaTHYHUX MEXaHI3MIB OpPraHi3My Ta OKpECICHO
IMOTEHIIHH] UIAXH PO3BUTKY po3JafiB, 1o
MOKYTh BUHHKATH y CTaH1 KHUIIKOBOI MiKp0Oi0-
TH Ta 310pOB’1 JIFOJMHHU Y BIAMOBIh HA TOBIOT-
puBase HaaxomkeHHs 1.
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Introduction. Long-term exposure to pesti-
cides (P) is associated with the development of
a wide range of pathological conditions,
including dysregulation of the nervous,
immune, endocrine and hepatobiliary systems,
as well as functional disorders of the gastroin-
testinal tract (GI) [1-3]. Pesticides can con-
tribute to the occurrence of metabolic disor-
ders, the formation of insulin resistance and
obesity [4]. In addition, their ability to disrupt
the integrity of epithelial barriers, induce
inflammatory processes and affect the secreto-
ry functions of the GI tract has been estab-
lished [5, 6].

Over the past decades, there has been an
increase in scientific publications highlighting
the direct and indirect effects of P on the intes-
tinal microbiome and its metabolites, which
are key regulators of metabolic homeostasis in
the body [5, 6]. It has been proven that the
human host, his intestinal microbiota, function
as a single ‘metabolic organ’, ensuring the per-
formance of numerous vital tasks necessary
for maintaining health. It has been revealed
that harmful long-term effect of even low
doses of herbicides, insecticides, fungicides
and other pesticides on the state of the intes-
tine, its microbiota, metabolic profile and
overall health of animals and humans.

Aim. To summarize current understanding
of the impact of pesticides on the gut micro-
biome, its metabolites, and health status.

Materials and Methods. A thorough
examination of contemporary publications in
scientific online libraries PubMed, MedLine,
Elsevier, and BioMed Central, Medscape con-
cerning the gut microbiome was conducted.
This analysis aimed to explore current con-
cepts regarding the role of the microbiota in
maintaining homeostatic mechanisms within
the body. Furthermore, it sought to delineate
potential pathways for the development of dis-
orders that may emerge in the state of the gut
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Mixkpo6iom Ta iioro pyHKIiOHAIBHA POJIb
B Oprasismi soquan. Mikpo6Giom, abo npupo-
Ha MIKpoOioTa JIFOIMHU, — 1€ YHIKaJlbHA CKJa-
JloBa opraHizmy. Bona npencrasnena cykymHic-
TIO MIKpOOIOIEHO31B, L0 KOJIOHI3YIOTh YCl
OpraHu, sfKi KOHTaKTYIOThb 13 HAaBKOJIMILIHIM
cepenopuiieM (6iotonu). Jlo HUX Hanexarb
LIKT, nuxanpHa cucTema, HIKIpa, CE4OCTareBa
CHCTEMa, pOTOBA [TOPOKHMHA, KOH FOHKTUBA OKa
Ta 30BHILIHINA ciyXoBui npoxin [7, 9, 11].

JloBeneHo, 1110 B OpraHi3Mi JIIOAUHU MEIIKA€e
Ha/13BUYAHO YUCIIEHHA MIKPOOHA CUJIBHOTA —
nonan keagpuibiion (10'°) mikpoopranizmis,
AK1 mpeacTaBieHi noHaa 10 Tucsyamu BUIIB.
3a JaHMMU HayKOBHMX OL[IHOK, J0pOCa JIUHa
Macoro npuodan3Ho 90 kr Moxke OyTH KOJIOHI30-
BaHa OnM3bKO 3 Kr OakTepii. SIKIIO reHom
JIFOJJUHHA MICTHTB OJIM3BbKO 22 THCSAY] I'e€HIB, 110
KOJIYIOTh OL7IKH, HEOOX1JH1 JIJIsi 3a0e3MeueHHs
OCHOBHHUX METaOO0JIIYHUX MPOIIECIB, TO CYKyI-
HUI reHOM MiKpoO10TH (MIKpOOIOM) — 3HAYHO
OLIbBIIIE 1 BKJIIOYAE ITIOHAJ 8 MIJIBHOHIB I'€HIB,
AK1 OEpyTh y4acTh y PErysLii YUCIEHHUX 010-
XIMIYHUX, METaOOJIIYHUX Ta IMyHHUX PEaKIIiii
[5, 8, 9]. Pesynbratn cy4acHMX AOCIHIIXKEHb
MIKpOOIOTH JIFOJUHU JAI0Th MiJICTaBU PO3IIIs-
JlaTh MIKpOOHY CUCTEMY SIK OCOOJIMBHI CHUM-
010TMUHUN MIKpOOHUN MeTa0OIIuYHUN OpraH,
110 BUKOHY€ HAJ[3BUYAHO HIMPOKHUI CHEKTp
KUTTEBOBAXKJIMBUX MICLIEBUX 1 CHUCTEMHUX
¢yukuiii. MikpoGiora 3abesnedye e(eKkTUB-
HUU 3aXUCT OpraHi3My BiJ HIKIJUIMBUX MIKpPO-
OpraHi3MiB 1 TOKCUYHMX CyOCTaHIiH, 1CTOTHO
BIUIMBAE HA CTPYKTYPHO-(YHKI[IOHAJIBHUIM
CTaH BHYTPIIIHIX OPTraHiB, MATPUMAHHS METa-
OO0JIIYHOTO Ta EHEPreTUYHOI'0 FOMEOCTasy, CTaH
HEpPBOBOi M IMYHHOI CUCTEM, JIE€TOKCHKaIlliHI
MIPOLECH Ta PEryJsLII0 KIUOBUX (i310J10T14-
Hux Qynkuii [7, 10, 11].

BenuuesHa KUIbKICTh MIKPOOPIaHi3MiB, 110
KOJIOHI3YIOTh O10TOIH JIFOAMHHU 32 HOPMAJIbHUX
(b1310JI0TTYHUX YMOB, 3a0€3MEeUyI0Th KHUTTEI1-
SIIBHICTh OPTaHI3My, BUKOHYIOUM TaKl BayKJIUB1
GbyHKITIT:

— 3aXUCHY (aHTAaroHICTUYHY) QYHKIIIIO MIATPU-
MaHHsI KOJIOHI3aI[IMHOT PE3UCTEHTHOCTI,
0O0yMOBITIOIOUH CTIHKICTh 010TOMIB, 30KpemMa
KUILIEYHUKA, 710 3aCEJIEHHS BUMAIKOBOIO a00
MAaTOT€HHOI0 MIKpO(IIOpOI0; MIKpOOpraHi3-
MU MPOJYKYIOTh IIUPOKUNA KOMIUIEKC aHTH-
MIKpOOHMX MOJEKyl — OakTepioluuHIB
(opraniuHi KUCJIOTH, €TAHOJ, MOJIOYHY KHUC-
JIOTY, JII30LUM, IHTEPPEpOH, pEeUTEepuH Ta
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microbiota and human health in response to

long-term exposure to pesticides.

Microbiome and its functional role in the
human body. The microbiome, or natural
human microbiota, is a unique component of
the body. It is represented by a set of microbio-
cenoses that colonize all organs in contact with
the environment (biotopes). These include the
gastrointestinal tract, respiratory system, skin,
genitourinary system, oral cavity, conjunctiva
of the eye, and external auditory canal [7, 9, 11].

It has been proven that the human body is
inhabited by an extremely numerous microbial
community — over a quadrillion (1015)
microorganisms, represented by over 10 thou-
sand species. According to scientific esti-
mates, an adult weighing approximately 90 kg
can be colonized by approximately 3 kg of
bacteria. If the human genome contains about
22 thousand genes encoding proteins neces-
sary for ensuring basic metabolic processes,
then the total genome of the microbiota
(microbiome) is much larger and includes over
8 million genes that participate in the regula-
tion of numerous biochemical, metabolic and
immune reactions [5, 8, 9]. The results of mod-
ern studies of the human microbiota give
grounds to consider the microbial system as a
special symbiotic microbial metabolic organ,
performing an extremely wide range of vital
local and systemic functions. The microbiota
provides effective protection of the body from
harmful microorganisms and toxic substances,
significantly affects the structural and func-
tional state of internal organs, maintenance of
metabolic and energy homeostasis, the state of
the nervous and immune systems, detoxifica-
tion processes, and regulation of key physio-
logical functions [7, 10, 11].

A huge number of microorganisms that col-
onize human biotopes under normal physio-
logical conditions ensure the vital activity of
the organism, performing the following impor-
tant functions:

— Protective (antagonistic) function of main-
taining colonization resistance, ensuring the
resistance of biotopes, in particular the
intestine, to colonization by random or
pathogenic microflora; microorganisms
produce a wide range of antimicrobial mol-
ecules — bacteriocins (organic acids,
ethanol, lactic acid, lysozyme, interferon,
reuterin and other substances that have a
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HIII PEYOBUHH, 10 MAOTh OAKTEPUITUIAHY

abo Oakrepiocrarnuny aito [9, 10, 13, 16];
— IMYHOMOJIYJIIOIOYY Ta IMYHOT€HHY (PYyHKLIIi,

«TPEHYIOUM» IMYHHY CHCTEMY TOCIOAaps

CBOIMH aHTHUTeHaMH. Taka B3acMoOmis IIij-

TpuMy€e (Pi310J0TTUHUNA PIBEHb HOPMAJIbHUX

AHTUTUI Ta 3a0e3Meuy€e MOAYJISIIII0 CUHTE3Y

IMyHOIIO0Y/TiHIB, 30Kpe€Ma CEKpPETOPHOTO

IgA, sKuii € TaHKOIO BPO/KEHOTO IMYHITETY.

MikpoOioTa BIJTUBAE HA FEMOIIOE3, aKTUBYE

npoaykiito T- 1 B-miMdonurie, a Takox

PEryJloe CHHTE3 K Mpo3analibHUX, TaK 1

MPOTU3ANAIBHUX IUTOKIHIB, IOJicaxapu-

JIiB, XeMOKIHIB, OaKTepiolMHIB, Oiocypdak-

TaHTIB, AHTUAJIT€3UBHUX MOJICKYJI Ta IHITUX

3axucHuX ¢aktopiB 3, 8, 9, 12, 16];

— CUHTETHYHY (YHKIIiI0, 3a0e3Meuyroun CUH-

TE3:

a) BiTaMiHIB (pubo@maBiHy, 010TUHY, HIKO-
THHOBOI Ta NAHTOTEHOBOI KHUCJIOT, BiTamiHIB K,
E, B, domnieBoi KUCIOTH, TOPMOHIB, aHTHOK-
CUJIAHTIB Ta 1H.), @ TAKOXK CIPHUSE 3aCBOEHHIO
KaJIbI[I0, KaJlilo, XJIOpY, IIMHKY Ta BiTamiHy D
(8,9, 12, 16];

0) MOIYJSLII0 CHUHTE3y HEHPOAKTHUBHUX
PEUOBHH, TaKUX SIK Y-aMIHOMACISHA KUCJIOTa
('AMK), cepotonin (5-rigpoKCUTpUNTaAMIH
(5-HT), ricramin, nodamin, HopemniHehpHH,
3-MeTunIaMiH, OKCHJI a30Ty, OeTaiH, aleTuiIxo-
JIiH, KapHITHH Ta 1H. 3HaYHa YaCTUHA IUX CIIO-
JTyK (QOpPMYEThCS B EHTEPOXpOMa(IHHUX Ta
CHTEPOCHIOKPUHHUX KJIITHHAX CJIM30BOI 000-
JIOHKM KHILIEYHHUKA, 110 BUKOHYIOTH KIIFOUOBY
pOJb y HMIATPUMAHHI HOPMAJIbHOTO MCUXOHEB-
posoriuHoro (yHKIIOHYBaHHSA opraxizmy. Lli
MOJICKYJIM BIUIMBAIOTh Ha EMOIIMHUNA CTaH,
MOBEIIHKOB] peakIlii Ta KOTHITHBHI MPOLECH
moauan. OcoOIMBOro 3HaYeHHs Ha0yBae cepo-
TOHIH, MoHaA 90 % SKOTO CHHTE3Y€ThCS CaMe y
IOKT [11, 16-18];

B) CHUHTE3 aMIHOKHCIIOT, OLJIKIB, KOPOTKO-
nanioroux skupHux kucinor (KJDKK) rta
koH toroBanux >xupHux kucinot (KXKK), 3okpe-
Ma KOH IOTOBaHOI J1HOJIEBOI KHMCJIOTH, a TAKOXK
TaKUX METa0oJITIB, K alerar, IpOITioHaT,
OyTupar, Bajepart, CyKIIMHAT, JIAKTaT, Hojiiami-
HU, MOoJicaxapuay Ta 0arato 1HIIUX MOJIEKYJI.
L1i peuoBUHU pa3oM 13 BIANOBIIHUMU PELENTO-
pamu 6epyTh y4acTh y CUTHAJIbHUX MPOLIECaX,
BUKOHYIOTh BaXIIUBY POJIb Y PETYJISLii HEHpO-
Me/11aTOPHOI aKTUBHOCTI, MIATPUMaHH1 eHepre-
TUYHOTO TOMEOCTa3y OpraHi3mMy Ta CTaHy
Oap’epHOi (QyHKLII KUIIEYHHKA; eMiTelianbHi

PROBLEMATIC TOPICS

VKPATHCBKUIA )KYPHAJT CYYACHUX TTPOBJIEM TOKCHUKOJIOTTT /
UKRAINIAN JOURNAL OF MODERN PROBLEMS OF TOXICOLOGY 1/2026

bactericidal or bacteriostatic effect [9, 10,
13, 16];

— Immunomodulatory and immunogenic func-
tions, ‘training’ the host’s immune system
with its antigens. Such interaction main-
tains the physiological level of normal anti-
bodies and provides modulation of the syn-
thesis of immunoglobulins, in particular
secretory IgA, which is a link in innate
immunity. The microbiota affects haema-
topoiesis, activates the production of T- and
B-lymphocytes, and also regulates the syn-
thesis of both pro-inflammatory and anti-
inflammatory cytokines, polysaccharides,
chemokines, bacteriocins, biosurfactants,
anti-adhesive molecules and other protec-
tive factors [5, 8, 9, 12, 16];

— Synthetic function, ensuring the synthesis of:
a) vitamins (riboflavin, biotin, nicotinic and

pantothenic acid, vitamins K, E, B12 , folic

acid, hormones, antioxidants, etc.), and also
promotes the absorption of calcium, potassi-

um, chlorine, zinc and vitamin D [8, 9, 12, 16];
b) modulation of the synthesis of neuroac-

tive substances, such as y-aminobutyric acid

(GABA), serotonin (5-hydroxytryptamine

(5-HT), histamine, dopamine, norepinephrine,

3-methylamine, nitric oxide, betaine, acetyl-

choline, carnitine, etc. A significant part of
these compounds is formed in the enterochro-
maffin and enteroendocrine cells of the intes-
tinal mucosa, which play a key role in main-
taining normal psychoneurological function-
ing of the body. These molecules affect the
emotional state, behavioural reactions and
cognitive processes of a person. Serotonin is
of particular importance, over 90 % of which

is synthesized in the gastrointestinal tract [11,

16-18];
¢) synthesis of amino acids, proteins, short-

chain fatty acids (SCFA) and conjugated fatty

acids (CFA), in particular conjugated linoleic
acid, as well as metabolites such as acetate,
propionate, butyrate, valerate, succinate, lac-
tate, polyamines, polysaccharides and many
other molecules. These substances, together
with the corresponding receptors, participate
in signalling processes, play an important role
in the regulation of neurotransmitter activity,
maintaining the energy homeostasis of the
body and the state of the intestinal barrier
function; epithelial cells of the large intestine
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KJIITHHA TOBCTOro Kumednuka 10 90 % csoel

CHEepPreTUYHOI MoTpedu 3a0e3meuyroTh 3a paxy-

HOK JKUPHHUX KHCIIOT MIKPOOHOTO MOXOKEHHS

[20-23];

— JCTOKCHKAUINHY (YHKIIIO, 3HEIIKODKYIOTH
CHJIOTeHHI Ta €K30TeHHI TOKCHYHI cyOcTpa-
TH 3aBISIKU OlocopOrii Ta XHIH GepmeHTa-
TUBHIA TpaHcdopmallii y MEHI TOKCHYHI
cnonyku [7-9, 11, 12];

— MerabomuHy (yHKIIO MIKpOOiOTH, SKY
3a0e3MeuyroTh ii (hepMeHTH Ta MeTaboiTH,
0 OepyTh y4acTh B 0OMiHI OUJIKIB, JITIIIB,
ypaTiB, OKcajariB, CTEPOIMHHUX TOPMOHIB,
xonecTepuny Ta iH. [7-9, 17, 18];

— pEryasATOpHY QYHKIIIIO — Oepe ydacTh y pery-
TSI Ta MOAYJISLIT Ta30BOT0, BOAHO-COJIBO-
BOTO OOMiHY, MATPUMaHHI KHUCIOTHO-JTYK-
HOTO OaJyiaHCy, TepMOperyisIii Ta iH. [7, 8,
17, 18];

— TeHEeTUYHY (DYHKIIIFO, OCKUTBKH € TIPAKTUIHO
HEOOMEXEHUM OaHKOM T€HETHYHOTO Mare-
piany OOMIH TEHETHYHOIO iH(bopMauiefo
TMOCTIHHO BiAOYBAETHCS SIK MK IPECTAB-
HUKaMH HOpMaJIbHOT MIKpO(IOpH, TaK 1 MiXk
HUMH Ta TaTOTeHHUMH BUIaMHU, 1110 TIOTpar-
JSAI0Th y TOM uM iHmUA Oiotor. Came 1e
BU3HAYA€ aJanTHUBHI MOMKJIMBOCTI MIKpO-
OHOT CHJIBHOTH Ta Ti 34ATHICTH BIUIUBATH HA
(hopMyBaHEHSI CITIreHETHYHOT IPOrpaMu po3-
BHTKY OPraHisMy Bill BHYTPIIIHOYTPOOHO-
O TIEpPiOy 10 CTapOCTI [7 9,17, 18, 20];

— QHTUMYTAarcHHY aKTHBHICTb, 3aBISKH SKii
(hOpMYIOTBCS MEXaHI3MH CTIKOCTI ermiTei-
aIIbHUX KJIITHH J0 MyTareHiB (KaHuepore-
HiB). MIKpoopranisMu 31aTHi pyiiHyBaTH
00 1HAKTHBYBATH MPOKAHIIEPOTCHHI Pedo-
BHHH, MEPELIKODKAIOTH IHIMialii OHKOTeH-
HUX TPOLIECIB, CIPHUIIOTH PETYIALIT 3ampor-
paMoBaHOi1 KIITHHHOI 3aru0eni (amomrosy,
deponrosy, miponTo3ly) Ta 3a0e3MeuyroTh
YTHII3AMII0 HAJTMIIKIB TKi, (OpMyBaHHS
KaJOBUX Mac 1 HOpMajlbHy MEPUCTAIBTUKY
[7,9, 17, 18, 20, 21].

Mikpo0ioTa KHIIEYHHKA BiJ3HAYAETHCS
HA/I3BUYAIHO BUCOKHM PI3HOMAHITTSIM 1 BKITIO-
yae Oakrepii, apxei, BipycH Ta €yKapiOTHYHI
Mikpoopranizmu [7, 9, 13-15]. JloBeneHo, 1o
JWIIE B KUIICUYHUKY JIOJUHU MEIIKA€e TOHA
100 TpunbiioHIB MIKpOOIB, SKI KOJOHI3YIOThH
TMIEBHI BIJJIUTH TPABHOTO KaHAy Ta BIUTMBAIOTh
Ha YMCIICHHI aCMIEeKTH 310pOB’Sl. Y KHUIIEYHHUKY
JFOMVHU IOMIHYIOTh TIEPEBaYKHO YOTUPH THIU
MiKpoopraHisMiB: Proteobacteria, Actinobac-
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provide up to 90 % of their energy needs from

fatty acids of microbial origin [20-23];

— Detoxification function, neutralizing
endogenous and exogenous toxic substrates
through biosorption and their enzymatic
transformation into less toxic compounds
[7-9, 11, 12];

— Metabolic function of the microbiota, which
is provided by its enzymes and metabolites
involved in the metabolism of proteins,
lipids, urates, oxalates, steroid hormones,
cholesterol, etc. [7-9, 17, 18];

— Regulatory function — participates in the
regulation and modulation of gas, water—salt
metabolism, maintenance of acid-base bal-
ance, thermoregulation, etc. [7, 8, 17, 18];

— Genetic function, since it is a practically
unlimited bank of genetic material. The
exchange of genetic information constantly
occurs both between representatives of nor-
mal microflora and between them and path-
ogenic species that enter a particular
biotope. This is what determines the adap-
tive capabilities of the microbial communi-
ty and its ability to influence the formation
of the epigenetic program of the organism’s
development from the prenatal period to old
age [7,9, 17, 18, 20];

— Antimutagenic activity, due to which mech-
anisms of resistance of epithelial cells to
mutagens (carcinogens) are formed.
Microorganisms are able to destroy or inac-
tivate procarcinogenic substances, prevent
the initiation of oncogenic processes, pro-
mote the regulation of programmed cell
death (apoptosis, ferroptosis, pyroptosis)
and ensure the utilization of excess food,
the formation of faecal matters and normal
peristalsis [7, 9, 17, 18, 20, 21].

Gut microbiota is extremely diverse and
includes bacteria, archaea, viruses, and
eukaryotic microorganisms [7-9, 13—-15]. It
has been proven that the human gut alone is
home to over 100 trillion microbes that colo-
nize specific parts of the digestive tract and
influence numerous aspects of health. The
human gut is dominated by four phyla:
Proteobacteria, Actinobacteria (Bifidobac-
terium), Firmicutes (Clostridium, Lactobaci-
llus, Eubacteria, and Peptoniphilus), and Ba-
cteroidetes (Prevotella). Firmicutes and
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teria (Bifidobacterium), Firmicutes (Clostri-
dium, Lactobacillus, Eubacteria ma Peptoni-
philus) i Bacteroidetes (Prevotella). Tunu Fir-
micutes ma Bacteroides pa3oM CTaHOBISTDH
omu3pko 90 % yciel KHMIIKOBOI MIKpOO1OTH,
KOXEH 13 HUX BUKOHYE CBOI crienugiui QpyH-
Kiii [25, 26]. JloBeneno, mo auc6io3 (aucbak-
TEpi03), CIPUYMHEHUI BIUIMBOM IOJIFOTAHTIB,
y Tomy uucai I, gacto xapakTepusyeThbCs
3MEHIICHHSIM KIJIBKOCTI KOPHUCHHUX OakTepii,
Takux sk Bifidobacterium ta Lactobacillus.
OpHoyacHO BiOYyBa€ThCS HAAMIPHUM pICT
MOTEHIIIHHO IIKIJIMBUX MIKPOOPTraHi3MiB,
30KpemMa IpeCTaBHUKIB TUIly Proteobacteria,
BKIo4aroun Enterobacter, Escherichia, a
Takok okpeMi Buau pony Clostridium [26].

dopmyBaHHS 1UCO103y Ta MOPYIICHHS CEK-
peuii MeTaboOITIB CHPUSIIOTH PO3BUTKOBI
3axBoptoBadb KT, oco0mMBO XpOHIYHOTO
KOJITY, XBOopoOu KpoHa, HeanKkoroasHoi Kupo-
BO1 XBOPOOU MEYIHKH, 1HCYTIHOPE3UCTEHTHOC-
T1, O)KMPIHHIO, J11a0eTy, aJepriuHuM 3aXBOPIO-
BaHHSIM, PO3BUTKOBI HEWpOJEreHEepaTUBHUX
3aXBOPIOBaHb (Jlenpecii, KOTHITUBHHUX IOPY-
IIeHb, XBOpoOU AubIreiimMepa, XBOpoOHU
[TapkincoHa, me4iHKOBOI eHuedanonarii),
ayToiMyHHOT marosorii Ta iH. [8, 11, 13, 15, 16,
19, 20]. 3mi"a MiIKpOOIOTUYHOIO CKJATy
KUIIEYHUKa i BIumBoM Il Moxe cyTTeBO
BIUIMBATU Ha cekpetopHy ¢ynkuiro HKT.
Takuil eexr 3yMOBICHHI PO3BUTKOM ITiJIBHU-
IICHOT KUIIKOBOI MPOHUKHOCTI, CHUCTEMHOIO
3arajeHHs, a TAKOXK MOPYIIEHHSIMHU 3aCBOEHHS
MOKUBHUX PEYOBHH 1 CEKpelli OakTepialbHuX
MertabomiTis [14, 17, 18, 23, 24].

OnHUM 13 HAWBKJIUBIIIUX MEXaHI3MIB PO3-
BUTKY METAa0OJIYHUX MOPYLIEHb € 3MiHAa CHH-
T€3y KOPOTKOJIAHIIOTOBUX >KUPHUX KHUCIOT
(KJIKK), siki yTBOPIOIOTHCSI KUIIKOBUMHU OaK-
TepisiMU B Tpoueci (epmeHTalii XapuoBUX
BOJIOKOH [8, 23, 24, 29]. Jlo HUX HaNeXarh alle-
TaT, CYKIIMHAT, JIAaKTaT, OyTUpaT, MPOIiOHAT,
Bajepar Ta IHII >XUPHI KHUCJIOTH, a TaKOX
HU3Ka NoJiaMiHIB Ta nomicaxapuais. Li comy-
KM MarOTh BUPIMIAJIBGHE 3HAYCHHS IS TATPH-
MaHHS CTaHy KHUIIIKOBOTO MIKpOOiOMy Ta MeTa-
00J1IYHOT aKTUBHOCTI rOCHojaps, BKIHOUAIOUH
MIITPUMaHHS [UTICHOCTI KUIITKOBOTO Oap’epy,
IMYHOMOAYJISILIT Ta PEryJsiii eHepreTHYHOro
MeTaboui3My, MeTaboi3My JIIIIIB, XoJiecTe-
puny 1 mroko3u [18, 21, 24], ctumynsiii cex-
perii HeHpoTpaHCMITEPIB, SKI 3a0€3MEeUYIOTh 1
PErysroI0Th HEHPONOBEIIHKOBI peakKiiii Ta Kor-
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Bacteroides types together constitute about
90 % of the total intestinal microbiota, each of
which performs its own specific functions [25,
26]. It has been proven that dysbiosis (dysbac-
teriosis) caused by exposure to pollutants,
including pesticides, is often characterized by
a decrease in the number of beneficial bacte-
ria, such as Bifidobacterium and Lactobacillus.
At the same time, there is an excessive growth
of potentially harmful microorganisms, in par-
ticular representatives of the phylum
Proteobacteria, including Enterobacter,
Escherichia, as well as certain species of the
genus Clostridium [26].

The formation of dysbiosis and impaired
secretion of metabolites contributes to the
development of gastrointestinal diseases, espe-
cially chronic colitis, Crohn’s disease, non-
alcoholic fatty liver disease, insulin resistance,
obesity, diabetes, allergic diseases, the devel-
opment of neurodegenerative diseases (depre-
ssion, cognitive impairment, Alzheimer’s dis-
ease, Parkinson’s disease, hepatic encepha-
lopathy), autoimmune pathology, etc. [8, 11,
13, 15, 16, 19, 20]. Changes in the intestinal
microbiota composition under the influence of
pesticides can significantly affect the secretory
function of the gastrointestinal tract. This
effect is due to the development of increased
intestinal permeability, systemic inflamma-
tion, as well as impaired absorption of nutri-
ents and secretion of bacterial metabolites [14,
17, 18, 23, 24].

One of the most important mechanisms for
the development of metabolic disorders is the
change in the synthesis of short-chain fatty
acids (SCFA), which are formed by intestinal
bacteria during the fermentation of dietary
fibres [8, 23, 24, 29]. These include acetate,
succinate, lactate, butyrate, propionate, valer-
ate and other fatty acids, as well as a number
of polyamines and polysaccharides. These
compounds are crucial for maintaining the
state of the intestinal microbiome and the
metabolic activity of the host, including main-
taining the integrity of the intestinal barrier,
immunomodulation and regulation of energy
metabolism, lipid, cholesterol and glucose
metabolism [18, 21, 24], stimulation of the
secretion of neurotransmitters that provide and
regulate neurobehavioral responses and cogni-
tive processes [30, 31, 32]. SCFAs are formed
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HiTUBHI Tiporiecu [30, 31, 32]. YTBOprOOTH
KJDKK xirodoBi Buam Mikpo6iB Bacteroides i
Firmicutes, siki cnpusitorh (hepMEHTaTUBHOMY
PO3IIEIUICHHIO CKJIATHUX BYTJIEBOIB Ta OUIKIB
1o GopmyBaHHS Takux MeTabomiTiB sk KJDKK
[18, 21-23].

Hatinommpenimum npeacraBankom KIDKK
SBJISIETHCS] METAOOIT alleTart, SIKUi 3B'sI3y€ThCs
3 HU3KOIO PElENTOpiB Ta MO3UTUBHO BILIMBAE
Ha CHHIPOM MiJBHUIIEHOI KHUIIKOBOI MPOHHUK-
HOCTI HUISIXOM 1MYHOMOJYJIIOIOYHX IpO3a-
NaJbHUX MexaHi3MiB. Takox arerar KOHTPO-
JFOE Macy Tila, PeryjIroloud ameTuT, MeTabo-
JIYHUI TOMEOCTa3, piBeHb IIIOKO3U Ta YyTIH-
BicTh 710 iHCYmiHY [21, 24]. He MeHII BaxuBy
pOib y METabOoNIuYHOMY Ta EHEPreTUYHOMY
rOMEOCTa3i rocronapst BilirparoTb METa0OITH
CYKLIMHAT, JIaKTaT, mporioHar. Pasom 3 arera-
TOM BOHH O€pYTh y4acTh y Oap'epHili Ta cekpe-
topHiit ¢pynkmii LLIKT, y curHanmsHUX peakiisax
HEPBOBOI, EHJAOKPUHHOI cucteM [16-18, 21, 24].

3 MiJBUINEHHSAM PiBHS OyTHUPATY acoIliIOI0Th
po3BuTOK mpotuzamanbHux mnpomecis IKT.
MeTtabomiT OyTupar 3abe3nedye 3aXHCHHMA
Oap'ep TOBCTOI KHIIKH IUISIXOM 301IbIICHHS
BUPOOHUIITBA MYITMHY Ta aHTHMIKPOOHHX ITeT-
TuaiB. MetabomiTi anerar i OyTupar BILIMBa-
I0Th Ha €HEPreTMYHUI MeTaloi3M TOCTIoAaps,
CIyTYIO4H CyOCTparaMu JyIsi MiTOXOHJPIaTbHO-
ro OerTa-OKHCIEHHS, a TaKOX MiABUIIYIOTh
IIUTICHICTH KUIIIKOBOTO Oap'epy IMUITXOM aKTHBa-
1ii OLIKIB IIUILHOIO 3'€MHaHHs, TakuX K Z0-1 1
okmromuH. KpiMm Toro, OyTupar BHKOPHCTOBY-
€TBCSI AK JDKEPENIO eHepril s KOJIOHOLIUTIB.

Jlo MeTaboJIITIB TAKOK BIIHOCUTHCS HHU3KA
MOJTIIaMiHIB, SIKi YTBOPIOIOTHCS B KHIICUHUKY
npy p03menneHHi KJIITKOBHHH, OUIKIB Ta JIiTTi-
JiB TiJ1 BIUTUBOM (hEpMEHTIB Mle06H01 CTILITh-
HoTU. [lomiaMiHM CTHUMYMIOIOTH HIATPUMKY
1apy CIM30BOi 000TOHKM KHIICYHHKA Ta MpH-
THIYYIOTH 3alajieHHs, 3HWXKYIOUU CHHTE3
3anajabHUX HI/ITOKIHIB MaKpO(baFaMI/I [14, 16,
19]. 3a3Buyaii momaMiHy B KMIIIEYHUKY € HE3a-
MIHHUMH  PEYOBMHAMH  [JJII  370pOB’S.
dekasibHI TIOJIIaMiHM B OCHOBHOMY BHPOOJISI-
IOTHCSl KMITKOBUMH MiKPOOpTaHi3MaMH, 0CO0-
JUBO TakuMu sK Enterococcus Faecalis.
[ToBimoMIsI€TBCS, IO HOTEHIWHUKA 3B'SI30K
Mix BruBoM I1 Ta pekampHUMEU ToTiaMiHAMHE
Ma€ 3HAYHO OLIBIIY PI3HOMAHITHICTH TIOPIBHS-
HO 3 KJDKK.

TakuM YWHOM, MIKpOOIOM KHIIIEYHHKA Ta
Horo MeTaboIliTH BiAIrPatOTh BAXKIUBY POJIb y
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by key microbial species Bacteroides and
Firmicutes, which contribute to the enzymatic
breakdown of complex carbohydrates and pro-
teins to form metabolites such as SCFAs [18,
21-23].
The most common representative of SCFA
is the metabolite acetate, which binds to a
number of receptors and has a positive effect
on leaky gut syndrome through immunomodu-
latory effects of pro-inflammatory mecha-
nisms. Acetate also controls body weight by
regulating appetite, metabolic homeostasis,
glucose levels and insulin sensitivity [21, 24].
An equally important role in the metabolic and
energy homeostasis of the host is played by the
metabolites succinate, lactate, and propionate.
Together with acetate, they participate in the
barrier and secretory function of the gastroin-
testinal tract, in the signalling reactions of the
nervous and endocrine systems [16-18, 21,
24]. The development of inflammatory
processes in the gastrointestinal tract is associ-
ated with an increase in the level of butyrate.
The metabolite butyrate provides a protec-
tive barrier to the colon by increasing the pro-
duction of mucin and antimicrobial peptides.
The metabolites acetate and butyrate affect
host energy metabolism by serving as sub-
strates for mitochondrial beta-oxidation, and
also enhance intestinal barrier integrity by
activating tight junction proteins such as ZO-1
and occludin. In addition, butyrate is used as
an energy source for colonocytes.
Metabolites also include a number of
polyamines, which are formed in the intestine
during the breakdown of fibre, proteins, and
lipids under the influence of enzymes of the
microbial community. Polyamines stimulate
the maintenance of the intestinal mucosal
layer and suppress inflammation by reducing
the synthesis of inflammatory cytokines by
macrophages [14, 16, 19]. Polyamines in the
intestine are normally essential for health.
Faecal polyamines are mainly produced by
intestinal microorganisms, especially Entero-
coccus Faecalis. The potential relationship
between pesticides exposure and faecal
polyamines has been reported to have signifi-
cantly greater diversity compared to SCFA.
Thus, the gut microbiome and its metabo-
lites play an important role in maintaining
basic physiological functions in humans and
animals. Dysbiosis microbiome and imbalance
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HIATPUMII OCHOBHMX (D1310J0TTUHUX (YHKIIIHA
Oprasi3my JIIOAUHU Ta TBapHUH. J(1c6103 Mikpo-
6ioMy Ta nucOanaHc HOro MeTaboITIB CyIpo-
BOJUKYIOTbCS (DOPMYBAHHSM TNOPYLIEHb METa-
OOJIIYHOTO 1 €HePreTHYHOTO TOMEOCTasy, po3-
BUTKOM 3allaJIbHUX, aJIEPriuHUX, ayTOIMyHHHX,
HEHUPOEHJOKPUHHHUX Ta IHIIMX MaTaJIOrT4HUX
CTaHiB.

Bnaune mnmectunmaiB  Ha  MIiKpoOiom
KHIIeYHHKA Ta ioro MeradoaiTu. OcTaHHIM
4acoOM ICTOTHO 3pOCTa€ KUTbKICTh JI0CIIKECHb,
110 JOBOJATH K NPSIMUKA TOKCUYHUM BIUIUB [
Ha CTaH 370pOB’s JIIOIMHU Ta TBapHH, TaK 1
OIIOCEPE/IKOBaHY Jit0 Yepe3 (PopMyBaHHS JTUC-
0103y B MIKpOOHIM cniibHOTI rocrogaps [1-3,
33-36]. OgauM 13 OCHOBHHUX (haKTOpiB 3011b-
HIeHHS €(EKTUBHOCTI CYYacHOIO CLIbCHKOIO
rOCIIOIapCTBA € IHCEKTUIUAM, OCKIJIbKA BOHU
HIMPOKO 3aCTOCOBYIOTHCS JUIsl KOHTPOJIIO LK1
HUKiB. OJTHaK BOHU YacTO MPOSIBJISIOTH HEIli-
JOBHUM €(EeKT, HEraTUBHO BIUIMBAIOYM HA 3/10-
POB’sl JIFOAWUHU Ta TBAPHUH.

OnHi€r0 3 HAUOLIBII MOIIUPEHUX IPYII IHCEK-
TUIUAIB € (ochopopraHiuHi MECTULHIN
(®OIT). Bonu mmpoxo 3acTOCOBYIOTHCS Y CBITI
3aBISIKM CBOIM BITHOCHIM O10pO3KJIAIHOCTI,
npote 3anuiky OOl Tpamstorbes: B MOBITPI,
Ha MIOBEPXHI1 POCIIMH, Y IPYHTI Ta B CLIIbCHKOTOC-
noAapchkiit mponykuii [2, 4, 37, 39-42]. [ose-
JIeHo, 10 piBeHb 3anuikis @Ol y mna3mi Jo-
JIMHU KOPEJTIOE 3 PU3UKOM PO3BUTKY IIyKPOBOI'O
nmiabetry [34, 35]. YV mocmiKeHHSX Ha MHILAX
BCTAHOBJICHO, IO KHUIIIKOBI MIKpOOU pO3IIIeT-
moroTh POl 1 mpy IbOMY aKTHBHICTh €CTepa3u
Ta MPOAYKIIS aleTaTy 1ICTOTHO 3MiHIOI0ThCS. Lle
NPU3BOAUTH /10 PO3BUTKY IJIFOKOHEOTEHE3Y,
(dbopMyBaHHs IHCYTIHOPE3UCTEHTHOCTI Ta Jiade-
Ty, o 1o3Bossie BKirountu @OII 1o ennoxkpun-
HOJM3PANTOPHUX PEYOBHH. Takuii CTaH crpu-
YUHEHUW THM, 110 BHACIIJOK MIKPOOHOTO PO3-
merieHHss @Ol yTBOPIOETHCS OLITOBA KUCIIOTA,
sIKa HaJaJll BUKOPUCTOBYEThCS MIKPOOIOMOM SIK
cyOcTpar Juisl TIIIOKOHEOTEHE3Y.

3HayHa KUIBKICTh JOCHIIKEHb BILUIMBY
®OII Ha Mikpobi1OM NpoBe/ieHa 3 BUKOPUCTaH-
HaM xsopnipudocy (0, 0-mietmn, 0-(3,5,6-
TpuxJop-2-mipuaui) — ¢ocdoporioary, 10
IIMPOKO 3aCTOCOBYETHCSI B CLIBCHKOMY TOCIIO-
JAPCTBI Ta 4YacTO TPAIUIETbCA y (Ppykrax i
oBouax [39, 40]. HocmiKeHHs TTOKa3alu, 10
BILJIUB xnopmpmpocy (CPF) Ha MIKpoOiomM
KUIIEYHUKA SIK 1n Vitro, Tak 1 in vivo, CyTTEBO
3MIHIOE HOTO CTPYKTYPHUH Ta (DyHKIIOHAIBbHUIA
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of its metabolites are accompanied by the for-
mation of metabolic and energy homeostasis
disorders, the development of inflammatory,
allergic, autoimmune, neuroendocrine and
other pathological conditions.

The impact of pesticides on the gut
microbiome and its metabolites. Currently,
there is a significant increase in the number of
studies proving both the direct toxic effect of P
on human and animal health, as well as the
indirect effect through the formation of dys-
biosis in the host microbial community [1-3,
33-36]. Insecticides are a crucial factor in
increasing the efficiency of modern agricul-
ture, as they are widely used for pest control.
However, they often have off-target effects,
negatively affecting human and animal health.

One of the most common groups of insecti-
cides is organophosphorus pesticides (OPPs).
They are widely used worldwide due to their
relative biodegradability, but OPP residues
occur in the air, on plant surfaces, in soil, and
in agricultural products [2, 4, 37, 39-42]. It
has been proven that the level of OPP residues
in human plasma correlates with the risk of
developing diabetes [34, 35]. Studies on mice
have shown that intestinal microbes break
down OPPs, and at the same time esterase
activity and acetate production are significant-
ly changed. This leads to the development of
gluconeogenesis, the formation of insulin
resistance, and diabetes, which allows OPPs to
be included in endocrine disrupting sub-
stances. This condition is caused by the fact
that microbial breakdown of OPPs produces
acetic acid, which is then used by the micro-
biome as a substrate for gluconeogenesis.

A significant number of studies on the
effects of OPP on the microbiome have been
conducted using chlorpyrifos (O,0O-Diethyl,
0-(3,5,6- trlchloropyrldm 2- pyrldmol) phos-
phorothloate) which is widely used in agricul-
ture and often occurs in fruits and vegetables
[39, 40]. Studies have shown that the effects of
chlorpyrifos (CPF) on the gut microbiome are
both in in vitro, as well as in in vivo, signifi-
cantly change its structural and functional
state. In the SHIME (Simulator of the Human
Intestinal Microbial Ecosystem), which mim-
ics the intestinal environment in in vitro, CPF
exposure was associated with a decrease in
beneficial bacteria, including Bifidobacterium
and Lactobacillus, and an increase in poten-
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cran. Y wmozaem SHIME (Simulator of the
Human Intestinal Microbial Ecosystem), sika imi-
Ty€ CepeIOBUILE KUIIEYHHKA in Vitro, 3a BIUTUBY
CPF cniocrepiranocs 3HUKEHHS PiBHS KOPUCHUX
Oaktepiii, 30kpema  Bifidobacterium Ta
Lactobacillus, oqao4acHo 31 30UIBIIEHHAM K1Ib-
KOCTI TIOTEHITIIHO MTATOTeHHNX MiKpOOPTaHi3MiB,
30kpeMa Enterococcus Ta Bacteroides [36]. Taki
MIKpOOIOMHI 3CYBH CYTMPOBOIKYBAIUCS 3MIHOIO
pH Ta 3MeHIIeHHsIM ceKpellii KOpPOTKOIAHIIOro-
BHX JKMPHHX KHCIIOT (KJDKK), 1110 € KpuTHYHU-
MH Ui TATPUMAHHS KHIIKOBOTO Oap’epy Ta
imyHHO1 piBHOBaru [20-24]. 3acrocyBanus CPF
Ha MOJIEJISIX KIIITUH KHUIIKOBOTO eriteltiro Caco-
2 1 TC7 npu3BOAUTH 10 MOPYIICHHS IUTICHOCTI
CITU30BOTO Oap’epy, CIPUYMHSE BUBLILHEHHS
npo3anajbHUX LUTOKIHIB, 30kpema IL-8, mio
BUKJIMKAE PO3BUTOK 1UCOIO3y Ta 3amalibHUX
MPOIIECIB Y KUICUHUKY [37].

Tpuamuii BruiB CPF Ha Kumie4HuK mrypis
TaKOX CITPHSIE PO3BUTKOBI AMCO103y MIKpOOio-
My, XPOHIYHOMY 3allaJIeHHIO Ta ITiABHICHHIO
MPOHUKHOCTI ciau30Boro Oap’epy. Lle o0ymoB-
JeHe 30UIbIIEHUM BHUBUIBHEHHAM 3alalIbHUX
XeMOKIHIB i muTokiHiB — IL-6, 1-xemoarrpak-
TaHTa MOHOLWTIB, ()aKTOpa HEKPO3y IMyXIHHU
TNF-0, Ta cipusie 3HMKEHHIO PiBHIB TOHAIOT-
poriHy, (OITIKyIOCTUMYIIOKYOr0 TOPMOHY
(OCI), JHOTelH13onqoro TOPMOHY (JIT') Ta Tec-
TOCTEPOHY B kpoBi. Lle cBiquuThH MpO MOTEH-
uiitny pons CPF y po3BUTKY XpOHIYHOTO KOJi-
Ty, CHIOKPUHHOT AUCPYHKIIIT Ta O€3TLTI IS, 1110
TakoX J03Bonuio BkiItount POII 10 eHgok-
puHHEX au3pantopiB [38]. Brumu CPF y mo3i
1 mr/kr mMacu Tina npotsrom 30 IHIB y MUIIICH
CIPUYHMHSIE CYTTEBI MOPYIIEHHS CTPYKTYpH
KHIITKOBOT MIKPOOI1OTH, CYTPOBOIKYETHCS 3Mi-
HOIO CIIeKTpa MeTaboliTiB y cedi Ta Gopmy-
BaHHSM BHUpakeHoro aucbiozy [39]. Oxpim
toro, CPF 3HmKye eheKkTUBHICTH METa0Oi3MY
TJTFOKO3HM Ta JIMiIiB y TIEUiHIll puo, 1110 peaizy-
€THCS Yepe3 PO3BUTOK OKUCIIIOBAJIBHOTO CTpe-
cy Ta aucbiosy mikpooiotu [40].

Hoseneno, mo npeacraBauk POIT miazu-
HOH, III0 IITUPOKO 3aCTOCOBYETHCS B CLIBCHKO-
My TOCHOAAPCTBi, TaKOX BUKJIHMKA€ 3HAUYII
MOPYIICHHS MIiKpOOIOMHOTO TOMEOCTa3y Ta
HETraTUBHO BIUIMBA€ Ha OpPraHi3M. Y caMIliB
MHUILEH, SIKi TPOTAroM 13 TIKHIB OTpUMYBaIU
Jia3MHOH 3 MUTHOIO BOAOIO y KOHILIEHTparii 4
ppm, Oy/I0 BCTAaHOBJIEHO PO3BUTOK BUPAKEHO-
ro 11ucOio3y 13 3pOCTaHHSAM KUTHKOCTI TTATOTEH-
HUX IITaMiB, iCTOTHI TIOPYIIICHHS €HEPreTHY-
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tially = pathogenic  bacteria, including
Enterococcus and Bacteroides [36]. These
microbiome shifts were accompanied by
changes in pH and decreased secretion of
short-chain fatty acids (SCFA), which are crit-
ical for maintaining the intestinal barrier and
immune balance [20-24]. CPF exposure in
Caco-2 and TC7 intestinal epithelial cell mod-
els disrupts the integrity of the mucosal barrier
and induces the release of pro-inflammatory
cytokines, including IL-8, which induces dys-
biosis and inflammation in the gut [37].

Long-term exposure to CPF in the rat intes-
tine also promotes the development of micro-
biome dysbiosis, chronic inflammation and
increased permeability of the mucosal barrier.
This is due to the increased release of inflam-
matory chemokines and cytokines — IL-6,
monocyte chemoattractant 1, tumour necrosis
factor TNF-a, and contributes to a decrease in
the levels of gonadotropin, follicle-stimulating
hormone (FSH), luteinizing hormone (LH)
and testosterone in the blood. This indicates a
potential role of CPF in the development of
chronic colitis, endocrine dysfunction and
infertility, which also allowed the inclusion of
organophosphorus pesticides in endocrine dis-
ruptors [38]. The effect of CPF at a dose of 1
mg/kg body weight for 30 days in mice causes
significant disturbances in the structure of the
intestinal microbiota, accompanied by a
change in the spectrum of metabolites in the
urine and the formation of pronounced dysbio-
sis [39]. In addition, CPF reduces the efficien-
cy of glucose and lipid metabolism in the liver
of rats, which is realized through the develop-
ment of oxidative stress and microbiota dys-
biosis. [40].

It has been proven that the organophospho-
rus pesticides representative diazinon, which
is widely used in agriculture, also causes sig-
nificant disturbances in microbiome home-
ostasis and negatively affects the body. In male
mice, which received diazinon with drinking
water at a concentration of 4 ppm for 13
weeks, the development of pronounced dys-
biosis with an increase in the number of path-
ogenic strains, significant disturbances in the
energy metabolism of the microbiota and
changes in the secretion of bacterial metabo-
lites was established [41]. In addition, diazi-
non activated stress responses and caused
changes in the behavioural reactions of ani-
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HOTO MeTaloJ113My MIKpOO1OTH Ta 3MIHY CEKpe-
uii OakrepiasibHux MetabomiTiB [41]. Kpim
TOTO, A1a3MHOH aKTUBYBAB PEaKllii Ha CTpeC Ta
CIIPUYMHMB 3MIHH MOBEIIHKOBUX PEAKIliN TBa-
pUH, 1O MIIKPECITIOE HOro MOTEHIIIal K HEel-
porokcukanta [42]. ITix BrmuBom DOII, ocob-
JIMBO J1a3UHOHY, (OPMYETHCS AUCOI03 KHILIKO-
BOi MIKPOOIOTH 3 PO3POCTAaHHSIM MATOT€HHUX
OakTepiil, MOPyIIyeETbCsS META0O0MI3M JKOBUYHHX
KHUCTIOT, ()OPMYETHCS TiIBUILIEHA TPOHUKHICTD
CM30BO1 00OJIOHKH KHIIIEYHHUKA B MUIIICH [43].
Bimomo, 110 KMIIKOBHI MIKpPOOIOM MOTYITIOE
eKcripeciio (epMeHTIB, sKI OepyThb ydacTb Y
CHHTE31 )KOBYHHMX KHUCJIOT, a TAKOXK BIUIUBA€E Ha
YTBOPEHHSI OCHOBHUX IE€PBUHHUX >KOBUYHUX
KHUCJIOT — XOJIEBOi Ta KCEHOJE30KCHXOJIEBOI.
Kpim wnporo, mikpobiom 3abe3mneuye iXHIO
KOH’IOTAIlll0 B TICUIiHIN, MOJAIbIIy peadbcop-
O1i0 B KJIyOOBIM KHUIII Ta JCKOH FOTAIlI0 B
TOHKOMY KHUIIEUHHKY [29, 32]. XKoBuH1 KUCIOTH
€ BAOXJIMBUMHU TNPOMOYTEPAMU EMYJIbI'YBaHHS
JIMIIB, CIPHUSIIOTH a0COPOIIIi IITIOKO3U Ta pery-
JIIOOTh [JTFOKO30-JIIT1 THUN rOMeoCTa3s.
[TopymienHs GajlaHCy KOBUHHUX Ta JKUPHUX KUC-
JIOT CIIPHSIE PO3BUTKOBI HEAJIKOTOJIBHOT JKUPOBOT
XBOPOOM TMEYIHKH, 1HCYJIIHOPE3UCTEHTHOCTI,
I[yKpOBOTO Jia0ery Ta oxupiHus [43-46, 48].
BuBueHHs BIUTUBY Ha KUIIKOBUI MiKpoOioM
HANOUIBII IIMPOKO BUKOPHUCTOBYBAHOIO repoi-
nuay nidocary Ha pi3HUX TBapUHHUX MOJie-
JSX MOKa3ajo, Mo Heil repOiuuy crpusie pos-
BUTKOB1 J1c0103y MIKpOOHOi cniuibHOTH [61-
63]. ¥V mypiB, siKi 3a3HajM BIUIMBY DIidocary,
crioctepiragucst 3MiHM MOpQOJorii BOPCUHOK
y JIBaHAIIATUIAIINA 1 MOPOXKHUHHIN KHUIIIII.
Kpim Toro, BmiuB miidocary MNOCHIIOBAB
3amnajibHl PEeaKI(ii HUIIXOM MOCUJIEHHS eKCIIpe-
Cii reHiB, 3aJTy4eHUX JI0 [TPO3arnajbHUX [IUTOKI-
HiB IL-1, IL-6, TNF-, kacna3u-3, Mapk 3 i NF-
B [63], mo cnpusie He TUTbKH PO3BUTKOBI OKHUC-
JIIOBAJBHOTO CTPECY, 3amlajieHHs, aje W 3Hu-
JKEHHIO PIBHA AHTHOKCUIAHTHUX (DEpMEHTIB
[63]. Llypu, siki mijmaBagucs BILTUBY Dimidoca-
Ty, Majd 3HAYHO HIXKYY YHCEJIbHICTh
Firmicutes, HX 1HII TUIIK MIKPOOPTraHi3MiB.
BrnuB mmidocary Ha MuIed TakoK CHpPUSB
PO3BUTKOBI 1MCO103y MIKpPOO10TH, HOPYILIEHHIO
MOBEIIHKOBHUX PEAKI[iH, BUKIUKAIOYU 3aHEIO-
KOEHHsI Ta fenpecito [61]. Xoya mociimKkeHHs
BIUIMBY DTipocaTy Ha MIKpOOIOM KHUIIEYHHKA
Ta Horo MeTaboJiTH Ha PI3HUX TBAPUHHUX
MOJIEJISAX MPEACTaBIEH] TOBOJI ILIMPOKO, aBTO-
pU  BiJ3HAYaIOTh, IO MEXaHI3MU BILUIMBY

PROBLEMATIC TOPICS

VKPATHCBKUIA )KYPHAJT CYYACHUX TTPOBJIEM TOKCHUKOJIOTTT /
UKRAINIAN JOURNAL OF MODERN PROBLEMS OF TOXICOLOGY 1/2026

mals, which emphasizes its potential as a neu-
rotoxicant [42]. Under the influence of OPP,
especially diazinon, dysbiosis of the intestinal
microbiota is formed with the growth of path-
ogenic bacteria, bile acid metabolism is dis-
turbed, and increased permeability of the
intestinal mucosa is formed in mice [43]. It is
known that the intestinal microbiome modu-
lates the expression of enzymes involved in
the synthesis of bile acids, and also affects the
formation of the main primary bile acids —
cholic and chenodeoxycholic. In addition, the
microbiome ensures their conjugation in the
liver, subsequent reabsorption in the ileum and
deconjugation in the small intestine [29, 32].
Bile acids are important promoters of lipid
emulsification contribute to glucose absorp-
tion and regulate glucose-lipid homeostasis.
Disturbance of the balance of bile and fatty
acids contributes to the development of non-
alcoholic fatty liver disease, insulin resistance,
diabetes mellitus and obesity [43—46, 48].
Studies of the effects of the most widely
used herbicide glyphosate on the gut micro-
biome in various animal models have shown
that this herbicide promotes the development
of dysbiosis of the microbial community [61—
63]. In rats exposed to glyphosate, changes in
villi morphology were observed in the duode-
num and caecum. In addition, glyphosate
exposure enhanced inflammatory responses by
increasing the expression of genes involved in
the pro-inflammatory cytokines IL-1, IL-6,
TNF-, caspase-3, Mark 3 and NF-xB [63],
which contributes not only to the development
of oxidative stress, inflammation, but also to a
decrease in the level of antioxidant enzymes
[63]. Rats exposed to glyphosate had signifi-
cantly lower Firmicutes abundance than other
types of microorganisms. Glyphosate expo-
sure in mice also promoted the development of
dysbiosis microbiota, in addition to disrupting
behavioural responses, causing anxiety and
depression [61]. Although studies of the
effects of glyphosate on the gut microbiome
and its metabolites in various animal models
are quite extensive, the authors note that the
mechanisms of influence require further study.
Along with organophosphorus pesticides
and glyphosate, in recent years, studies have
been conducted to assess the harmful effects of
other classes on the intestinal microbiome and
its metabolites [47-50]. The toxicity of the
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NOTPeOYIOTh MOJANIBIIIOT0 BUBYECHHS.

[Topsin 3 ®@OII Ta mmidocarom 3a ocTaHHI
POKH TIPOBEICHO JOCIIKCHHS OIIIHKHU IITKi[I-
JIMBOTO BIUTUBY iHIMX KiaciB [1 Ha MikpoOiom
KUIIIEYHUKa Ta #oro mertabomitu [47-50].
JloBeieHO TOKCHYHICTh TMO€AHAHOTO BIUTUBY
(byHriuI/Iz[iB kapOamariB Ta xnopopraHquHX
HGCTI/IHI/I,Z[IB (XOH) Ha KJIIITUHHUNA META0013M
JimigiB, OUIKIB 1 BYIJIEBOAIB 3 TMOPYLICHHAM
MeTaboIII3My Ta CHePreTUIHOTO OanmaHcy [48].
Leung M.C.K. et. al. [49] cTBepIKyIOTh, 110
ocHOBHOIO MimeHHIO gk DOIT, Tak i kapbamar-
HUX (QYHTIIHIIB € MITOXOH/IPI1, 10 00yMOBIIE-
HO TOKCHMYHHUM BIUTMBOM faHux [l Ha Mikpo-
010M KHIIICYHUKA Ta METAOOIIITIB 3 HACTYITHUM
PO3BUTKOM TOpYLIEHHA MeTaboNidyHOrO Ta
CHEPreTHYHOTO TOMEOCTasy [49]. BuBueHnus
3MiH y CKJIaJi KHIIKOBOI MIKpOOIOTH MHIIEH,
AKl TiANaBalucs BIUIMBY XJOPOPTaHIYHOTO
IT— P,P’-muxnopaudeninauxnopermieHy (JIIE)
NPOTATOM BOCBMH THXXHIB, BUSBUIM O3HAKU
mucbiosy — 30utbmeHHs Bacteroidetes 1 3MeH-
meHHs: Proteobacteries, Deferribacteres Tta
Cyanobacteria, a TakoX 3MIHU KIITHHHOTO
MeTabomizmy [48].

BuBUCHHS BIUTMBY IHCEKTHIMIB MIPETPOi-
JiB Ha MiKpOOiOM KUIIEYHHKA ITOKA3aJIo, 110 1
CTIOMYKHM TPH JOBIOTPHBANH i CHPUAIOTH
PO3BHTKOBI /1COi03y MIKPOOIOMY KHMIIEUHHKA
3 MPUTHIYEHHAM POCTY SIK MAaTOTeHHOi, Tak 1
KOPHCHOI MiKp0Oi0TH, TOPYIIYIOTh KIITHHHUN
MeTaboIIi3M Ta CIPHUSIOTH PO3BUTKOBI HEAJIKO-
TOJILHOT JKUPOBOT XBOpoOU neuinku [3, 52, 53].

Huskoro aBTOpiB MPOBEAEHO OCHTIIHKEHHS
0710 BUBUEHHS IIKIIJTMBOTO BIUTUBY (PYHTIIIHU-
NiB Ha MIKpoOioM KwuiiedHuka. OCKUIBKU
3aMUIIKA (QYHTIIHUIIB MOXKYTh TMOTPAILIATH Y
BOJIY, TIOBITPsI Ta IPYHT, BOHU HEPIIKO BUSBIIS-
IOThCS B XapyOBUX MPOAYKTAX, MPH3HAYECHHX
JUISL CTIO’KUBAHHS JIFONMHOIO, HAYaCTIIIe MiCIs
00poOku Bposkato [50]. I[JI;{ 3aXHCTy CUTBCHKO-
rOCIONAPChKOi MPOMYKLii Ta MPOMHUCIOBOT
00pOOKH IIMPOKO BHKOPUCTOBYIOTHCS KapOa-
MaTHI (yHTIIUINM, 0COOIMBO KapOEHIA3UM
(CBZ), sxuii e(eKTHBHO 3a1to0irae pocty TpH-
0iB Ta 1HIIMX MIKpoopraHi3MiB. JlocmimKeHHS
Ha MHIIax nokasanu mo CBZ B3aeMofie 3 KuIiI-
KOBOIO MIKpPOOIOTOX0, BHKJIMKAIOUM TUCOaKTe-
Pi03 Y KHIIEYHHUKY 3 OHOYACHUM MOPYIIEHHAM
JimigHOTO MeTabomizmy [57]. ABTOPH TIOB'A3Y-
10Th (POPMYBAHHS KapOeHa3MM-iHyKOBAHOTO
MOPYILEHHS METa00MI3MYy JIMiIIB 13 PO3BUTKOM
1c0i03y KUIIIKOBOI CIUTBHOTH, SIKUW XapaKTe-
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combined effect of fungicides, carbamates and
organochlorine pesticides (OCPs) on cellular
metabolism of lipids, proteins and carbohy-
drates with metabolic and energy balance dis-
orders have been proven [48]. Leung M. C. K.
et. al. [49] argue that the main target of both
OPPs and carbamate fungicides is mitochon-
dria, which is due to the toxic effect of these
pesticides on the intestinal microbiome and
metabolites with the subsequent development
of metabolic and energy homeostasis disorders
[49]. Study of changes in the composition of
the intestinal microbiota of mice exposed to
the organochlorine P — P,P’- dichlorodiphe-
nyldichloroethylene (DDE) for eight weeks
showed signs of dysbiosis — an increase in
Bacteroidetes and a decrease in Proteobacte-
ria, Deferribacteres, and Cyanobacteria, as
well as changes in cellular metabolism [48].

A study of the effects of pyrethroid insecti-
cides on the intestinal microbiome showed
that these compounds, with long-term expo-
sure, contribute to the development of gut
microbiome dysbiosis with inhibition of the
growth of both pathogenic and beneficial
microbiota, disrupts cellular metabolism, and
promotes the development of non-alcoholic
fatty liver disease [3, 52, 53].

A number of authors have conducted stud-
ies to examine the harmful effects of fungi-
cides on the gut microbiome. Since fungicide
residues can enter water, air and soil, they are
often found in food products intended for
human consumption, most often after harvest
treatment [50]. Carbamate fungicides, espe-
cially carbendazim (CBZ), are widely used to
protect agricultural products and industrial
processing, which effectively prevents the
growth of fungi and other microorganisms.
Studies in mice have shown that CBZ interacts
with the intestinal microbiota, causing dysbio-
sis in the intestine with a simultaneous disrup-
tion of lipid metabolism [57]. The authors
associate the formation of carbendazim-
induced lipid metabolism disorders with the
development of dysbiosis of the intestinal
community, which was characterized by a
decrease in the number of Bacteroidetes and
an increase in the population of Proteobacteria
and Actinobacteria. The detrimental impacts
of carbamate fungicides propamocarb [56] and
aldicarb [68] on the intestinal microbial com-
munity of mice are delineated, with these com-
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pHU3YyBaBCsl 3MEHIIIEHHSIM KUTbKOCTI Bacteroides
Ta 30UIbIIEHHSAM TonyJsLii Proteobacteria Ta
Actinobacteria. Onucano WIKIUIMBUHN BILTUB HA
MIKpOOHY CIUIBHOTY KMIIEYHHKA MHUIIEH Kap-
O0amatHuX (yHriuaiB mponamokapOa [56] ta
anjikap0a [68], skl TaKOXK CIIPUSAIOTH PO3BUTKO-
Bl 1cO103y 3 (hopMyBaHHSM AMCHIMiEMIT Ta
MeTaOOoIYHUX MOPYLIeHb MICIs IXHBOTO Mepo-
pPaJBHOTO IPUIOMY.

JosrorpuBanuii Bruis ¢ysrinuany CBZ nHa
Mmuted nporsaroM 14 TwkHIB [57] BUKIMKaB
nucOaKkTepio3 MIKpOOIOTH KHILEYHUKA, IO
TAKOXK MPU3BEJIO J0 AUCTIMIAEMIT 31 3HAUHUM
1JIBUIIIEHHSIM PIBHS TPUTTTIIIEPHIIB T PO3BUT-
Ky 3allaJICHHs] KUIIEYHUKA. ABTOPU BBAXKaIOTh,
o aUcOaKTepio3 Ta AMCITIIIAEMIs CHPUSIIH
M1JBUIIIEHOMY BCMOKTYBaHHIO TPHUIIIIICPHUIIB
yepe3 KUIIKOBY CTIHKY, 110 BUKJIMKAJIO 3aralib-
Hy peakuito. LI mpomecu BruMBaKOTh 1 Ha
3araJIbHUM CTaH 3JI0pPOB'S, BTPYYarOUUCh Y
MMEYIHKOBUH JIMITHUI MeTa0oIII3M Ta 3amaibHi
peaxiiii. Po3BuTOK 1ucOakTepio3y B KHUILIEUHU-
Ky MUIIEH OMMCAHO MPU OPaJTbHOMY BILIMBOBI
¢byHrinuny imazaminy [59], a Takox y puo [60]
3 OIHOYACHUM TMOPYUIEHHSIM PyXOBO1 MOBE/I1H-
KU Ta 3aIajJeHHsIM TOBCTOI KUILIKH.

Mexanizmu BiuiBy I1 Ha MikpoOioM BHBUYE-
HO HeAocTaTHbo. JloBenmeHo, 1m0 TepOinuau
(HanpukJaja, widocar) HEraTUBHO BILTUBAIOTH
Ha crieniidivHi 1st GaKTepiid MUKIMATHI MIJISTXH
MIKpPOOpIaHi3MiB, 1HTIOYIOUM S5-€HOJN-MipyBiI-
mmkimar-3-gocdar-(EPSP)-cunrazy. Lle 3wmi-
HIOE PIBHI KIHLIEBUX MPOIYKTIB LBOTO IMUISXY,
30Kpema deninananiny, TpUITO(PaHy, TAPOIHUHY
Ta iH. y OakTepiii. IMyHOriCTOXiMIYHE BUBICHHS
MoKa3aJo, 0 LI apOMAaTUYHI aMIHOKHCIIOTH €
NoTepeTHUKaMH HEWpOMelaTopiB, K1 BHUKO-
PUCTOBYIOTBHCSI /Il KOMYHIKaIlli MO3KY, IO
MOSICHIOE 3MI1HH TIOBEIIHKY y TBApUH 32 i1 IIUX
I1 [65], cipusie pO3BUTKOBI TPUBOTH, JeNpecii,
3MIHaM MaM'siTi Ta PyXOBOi aKTUBHOCTI. Takox
IMYHOTICTOJIOTIYHI JIOCTIPKEHHS TOKa3yIOTh,
oo 1e Moke OyTH TOB'Si3aHE 31 3HIKEHHSIM
KUTBKOCTI iMyHOpeaKTHBHHx HEHPOHIB CepoTO-
HIHY B JIOpCAJIbHOMY smpl 6a3onaTepaanm
MUTTIQIHHI Ta BEHTPAJIbHIA MefialbHii mpe-
¢bpoHTaNbHIA KOpl Micisi CYyOXpOHIYHOTO Ta
XPOHIYHOTO BILIUBY rmidocary [65-66]. Kpim
TOro, OyJI0 MiATBEP/KCHO J0303A/ICKHE 3HH-
JKCHHsI PIBHS CEPOTOHIHY, T0daMiHy Ta HOpaj-
pEeHaJIIHY B MO3KY ILypiB, SIKI 3a3HAJIU BIUIUBY
ridocary. OJHOYACHO BUSIBICHO CTPYKTYpPHO-
(GyHKIIOHATBHI 3MIHM B MIKPOOHIHM CIUIBHOTI
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pounds also contributing to the development
of dysbiosis, accompanied by the formation of
dyslipidaemia and metabolic disorders follow-
ing their oral administration.

Long-term exposure of mice to the fungi-
cide CBZ for 14 weeks [57] induced dysbiosis
of the gut microbiota, which also resulted in
dyslipidaemia with significant elevation of
triglyceride levels and development of intes-
tinal inflammation. The authors believe that
dysbiosis and dyslipidaemia contributed to
increased absorption of triglycerides through
the intestinal wall, which caused an inflamma-
tory response. These processes also affect gen-
eral health, interfering with hepatic lipid
metabolism and inflammatory responses. The
development of dysbiosis in the gut of mice
has been described with oral exposure to the
fungicide imazalin [59], as well as in fish [60]
with concomitant impaired motor behaviour
and inflammation of the colon.

The mechanisms of the effect of pesticides
on the microbiome have not been studied suf-
ficiently. It has been shown that herbicides
(e.g. glyphosate) negatively affect the shiki-
mate pathways specific for bacteria in
microorganisms, inhibiting 5-enolpyruvyl-
shikimate-3-phosphate-(EPSP)-synthase.
This changes the levels of the end products of
this pathway, in particular phenylalanine,
tryptophan, tyrosine, etc. in bacteria. Immuno-
histochemical studies have shown that these
aromatic amino acids are precursors of neuro-
transmitters used for brain communication,
which explains the behavioural changes in
animals under the action of these pesticides
[65], contributing to the development of anxi-
ety, depression, changes in memory and motor
activity. Immunohistological studies also sug-
gest that this may be due to a decrease in the
number of serotonin immunoreactive neurons
in the dorsal raphe nucleus, basolateral amyg-
dala, and ventral medial prefrontal cortex
after subchronic and chronic exposure to
glyphosate [65-66]. In addition, dose-depen-
dent decreases in serotonin, dopamine, and
norepinephrine levels have been confirmed in
the brains of rats exposed to glyphosate. At
the same time, structural and functional
changes in the intestinal microbial community
have been identified [65]. Thus, pesticides
alters not only the composition of the micro-
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kumeynnka [65]. Takum umHOM, I1 3MIHIOIOTH
HE TUTBKH CKJIaJ] MIKpOoOioTH, ajne i ¢i3uyHi Ta
010XIMIYHI XapaKTEPUCTHKH CEPEIOBHINA KHUIII-
KOBOi MIKpOOHOI CHiJIbHOTH, BIUIMBAIOTH SIK HA
BiCh MIKpOO10Ta-KUIIIEYHUK-MO30K TBApHH, TaK
1 Ha BICh rimoraigamo-rinodizapHo-HaHUPKO-
BoOi cuctemu [17, 65- 67].

JloBeieHO TakoXX B3a€MO3B'SI30K TOpYIIIEeHb
METa0OIIUHUX TMPOLECIB Y KHIIKOBIA MiKpO-
0i0Ti Ta CHEPreTHIHOIO METa0OTI3My B MO3KY
i BroBoM [T [65-69]. 3pocTaroua KiTbKIiCTh
JIOKa3iB MiATBEPKYE, 110 MIKPOOIOM € KITFOUO-
BMM TPaBLEM Y META0OMIYHOMY rOMeOCTasi
[67]. Lle BugHO 3 aHaJI13y (beKaJ'IlI/I SIKUM TTOKa-
3y€ 30UTBUICHHS KINBKOCTi OaKTepiambHHX
(bepmeHTiB, 1m0 6epyTh y4acTh Y pO3KJIaai pi3-
HUX OUIKIB mig BruMBoM I, a Takoxx Merabo-
JIYHOTO aHali3y, SKUM BUABISE OIHOYACHE
3HIDKCHHSI PIBHS KPUTHYHUX METaOOIITIB Yy
TKaHUHAX MO3KY, BKIIOYAIOUH [TOKO3Y, 10myd-
HY KHCJIOTY Ta BUTbHI KHPHI KHCIIOTH 31 3011T5-
IICHHSAM PiBHS KeToHOBHX Tin [67]. Lle min-
TBEpUKy€e, 1m0 Il HeratMBHO BIUIMBAIOTH Ha
eHepreTHyHuii MeTabomi3M Mo3Ky. Kpim Toro,
foBezieHo BB [T Ha IMyHHY CHCTEMY MO3KY
[65] IO BHSABJICHO Ha KITITHHAX MIKpOTTii —
HAMTOMIHAHTHIIIUX IMyHHUX KJIITHHaX MO3KY.
[Ipy 1bOMYy aBTOPH BCTAaHOBWIN MOPYIICHHS
CUHANTUYHOTO BiTIICTIIICHHS, PETYIIAIT Mi€Ti-
Hizalii Ta HeWporeHesy, LI0 MOB’SA3YIOTh 3
AKTHUBAIIIEIO 3aMlaJbHUX IMPOIECIB B MIKPOIJIi-
albHUX IMYHHUX KIITHHAX, CHPUYUHEHUX
MIKpOOHUMU TIaTOTEHAMH.

Bcranogineno, mo miz BrorBoM I1 BigOyBa-
€ThCSl aKTUBAIliSl CUTHAJIBHUX LUIAXIB 32 yJac-
TIO KHIIKOBOI MIKpOOiOTH, 30KpeMa JITOIoJTi-
caxapuiB — MPO3aMalbHUX MOJEKYd, SKi €
CTPYKTYPHHUMH KOMIIOHEHTAMU KJIITUHHOI
MeMOpaHu TpaMHETaTUBHUX Oakrepiil. B ekc-
TMEPUMCHTAX HA MHIIAX 33 YMOB CKCIO3MIT
XJ0pmipuOCy CIoCTepiranocs MiIBUIICHHS
plBHH JIlHOHOJIlcaXElpI/I,Z[IB [74] 10 CBIIL‘-II/ITB
Opo IHAYKLII0 CHCTEMHOI IMyHHOI BiJHOBIifl
[16, 66]. ImyHHa aKkTHBaIlisg MIKPOIJii CyMpo-
BOJDKYETBHCS 3aIlyCKOM KacKaJiB BHYTPIIIHBO-
KIIITHHHOI CHTHAI3aIii 31 3aUTy4CHHAM TPaHC-
KpI/Il'IHII/IHI/IX ¢daxropiB NF-kB, siki mocuiroTh
IMyHHY Ta 3anaibHy BIAMOBiAb. AKTHBALILS
IIUX MEXaHI3MiB MOTEHLINHO CIIpHs€E Mporpe-
CYBaHHIO HEHWpOJIereHepaTUBHUX 3aXBOPIO-
BaHb, 30KpeMa XBOpoOU Aublreiimepa, uepes
XpOHIYHE Helpo3amaleHHs Ta MOPYLICHHS
HEHpOHANILHOTO ToMeocTasy [15, 23, 25].
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biota, but also the physical and biochemical
characteristics of the intestinal microbial
community environment, affecting both the
microbiota — gut — brain axis of animals and
the hypothalamic — pituitary — adrenal axis
[17, 65-67].

The relationship between metabolic distur-
bances in the gut microbiota and brain energy
metabolism under the influence of pesticides
has also been proven [65—69]. A growing body
of evidence supports the microbiome as a key
player in metabolic homeostasis [67]. This is
evident from faeces analysis, which shows an
increase in the number of bacterial enzymes
involved in the breakdown of various proteins
under the influence of pesticides, as well as
metabolic analysis, which reveals a simultane-
ous decrease in the levels of critical metabo-
lites in brain tissue, including glucose, malic
acid and free fatty acids, with an increase in
the level of ketone bodies [67]. This confirms
that pesticides negatively affects brain energy
metabolism. In addition, the effect of pesti-
cides on the brain immune system has been
proven [65], which was detected in microglia
cells, the most dominant immune cells in the
brain. At the same time, the authors estab-
lished disorders of synaptic cleaving, regula-
tion of myelination, and neurogenesis, which
are associated with the activation of inflamma-
tory processes in microglial immune cells
caused by microbial pathogens.

It has been established that under the
influence of pesticides, signalling pathways
are activated with the participation of intes-
tinal microbiota, in particular lipopolysac-
charides — pro-inflammatory molecules,
which are structural components of the cell
membrane of gram-negative bacteria. In
experiments on mice under conditions of
chlorpyrifos exposure, an increase in the
level of lipopolysaccharides was observed
[74], which indicates the induction of a sys-
temic immune response [16, 66]. Immune
activation of microglia is accompanied by
the launch of intracellular signalling cas-
cades involving transcription factors NF-kB,
which enhance the immune and inflammato-
ry response. Activation of these mechanisms
potentially contributes to the progression of
neurodegenerative diseases, in particular
Alzheimer’s disease, through chronic neu-
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B ocranHi gecaTWIITTS OCOOMUBY yBary
HAyKOBI[IB TMPUBEPTAIOTh NPUYUHU MaACOBOI
3aruOeni TMOMmyssiii METOHOCHUX OJKIJI.
Huzka nocnimkeHs MoB’A3ye€ 11e SIBUILE 3 HeTa-
TUBHUM BIUIMBOM [I, 30kpema HiTeHmipamy
[70] Ta incektunmaiB duymnipaaudypony, Cyib-
doxcadiaopy Ta QyHTIIUAY a30KCUCTPOOIHY Ha
CHelfiayii3oBaHy MPUPOIHY MIKpOOI1OTY KUIIEeY-
Huka Omkin [71]. Tlokazano, mo mig giero I1
B1JI0YBa€ThCS ICTOTHE 3HM)KEHHSI YHCEJIBHOCTI
KITIOUOBUX MIKPOOHMX TPYII, SIKI HaJeXaTb J10
JIOMIHAHTHUX TAKCOHIB KHIIIKOBOT MIKpPOO1OTH
O/K1I, 30KpeMa IPEICTaBHUKIB pOJIB Pseu-
domonadota, Snodgrassella alvi, Gilliamella
apicola. OcoOIMBO YYTJIMBOIO BUSBISIETHCS
Snodgrassella alvi, sixa Bigirpae KpUTHYHO
BOXIIMBY pPOJIb IIOAO MIATPUMAHHS 1MYHHOI
PE3UCTEHTHOCTI OJKIT Ta PEryJisilii BIAMOBIII
rocrofiapss Ha maroreHu. llopymieHHs 1bOro
0anaHCy CynpOBOKYETbCS 3HAUHUM 3pOCTaH-
HSIM YHUCEJIbHOCTI MAaTOr€HHUX MIKpPOOpraHis-
MiB [70, 71]. TloxiOHi 3MiHM MIKpOOIOTH 3ape-
€CTPOBaHI HE JIMIIE Y JJOPOCIUX OCOOMH, a 'y
JTUYMHOK Ta HE3PLIUX ODKIIL.

Amnaroriuni HeratuBHi eextu [1 Ha kuiko-
BY MIKpOOI0OTY OIMCaH1 Yy YMCICHHUX EKCIepH-
MEHTAJIbHUX JTOCIIDKEHHSX Ha PI3HUX BUAAX
TBapHH, BKJIIOYHO 3 CCABISIMH, PENTHIIISIMHU,
pubamMu Ta KoMaxamu. BOHM J€MOHCTPYIOTh
mKiMBui BB [1 Ha MeTabomiyHi mporecu
Ta (PYHKIIOHYBAaHHS OCl «KUIIEYHHUK—MO30K»
[13, 16, 17, 20, 23, 24, 47, 66]. Boanouac
MexaH13MU (OpMYBAaHHS TAaKUX MOPYIIECHb e
HEIOCTAaTHHO BHBYEHI. OOHUM 13 HIAXOAIB 10
BCTAQHOBJICHHSI MPUYMHHO-HACIIIKOBUX 3B’s3-
KIB MIJK 3MIHaMU MIKpOO10TH Ta (pyHKIIOHAIb-
HUMU MOPYLIEHHSIMH OpraHi3My € 3aCTOCYyBaH-
HS (pexasibHOT MIKpOOIOTHOI TpaHCIUIaHTAaLlil
(FMT) [75]. Lleit noTyXHUI €KCTIEPUMEHTab-
HUW METOJ, LIMPOKO BUKOPHUCTOBYBAHHUW Ha
MOJIEJIIX TPU3YHIB Ta 1HIIKUX TBAPHH, JO3BOJISIE
OILIIHUTHU, Y CIOCTEPEKyBaHl 3MiHU MOBE/IIH-
k1 Ta (i3ionoriuHux (QyHKUii € Oeznocepen-
HIM HACJIJKOM B3a€MOJIii TOCIoAaps 3 MIiKpo-
O0iororo. MeTon monsirae 'y MepeHECcEeHHI
(dbekanpHOT MIKPOOI0TH BiJ] JOHOPA A0 PEIUIIi-
€HTa 3 METOI0 BIATBOPEHHS MIKPOOHOTO IMpo-
¢u10 J10HOpa B KHIIEYHUKY PELMIIEHTA.
3acrocyBannst FMT y Hu3mi qocniakeHp noka-
3aJ10, 110 MPO(DLIH KUIIKOBOI MIKPOO10TH Biir-
pae KII0UOBY poiib y (popmyBaHHI e(heKTiB nec-
TULUJAHOTO BIUIMBY. 30KpeMa JIOBEIEHO, IO
OKpeMI MOBEAIHKOBI MOPYILIEHHS, SIKI BUHUKA-
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roinflammation and disruption of neuronal
homeostasis [15, 23, 25].

In recent decades, the causes of mass deaths
of honey bee populations have attracted spe-
cial attention of scientists. A number of studies
associate this phenomenon with the negative
impact of pesticides, in particular nitenpyram
[70] and the insecticides flupyradifurone, sul-
foxaflor and the fungicide azoxystrobin on the
specialized natural microbiota of the bee gut
[71]. It has been shown that under the influ-
ence of pesticides, there is a significant
decrease in the number of key microbial
groups that belong to the dominant taxa
of the bee gut microbiota, in particular repre-
sentatives of the genera Pseudomonadota,
Snodgrassella alvi, Gilliamella apicola.
Snodgrassella alvi, which plays a critical role
in maintaining the immune resistance of bees
and regulating the host response to pathogens,
is particularly sensitive. Disruption of this bal-
ance is accompanied by a significant increase
in the number of pathogenic microorganisms
[70, 71]. Similar changes in the microbiota
have been recorded not only in adult, but also
in larvae and immature bees.

Similar negative effects of pesticides on the
intestinal microbiota have been described in
numerous experimental studies on various ani-
mal species, including mammals, reptiles, fish
and insects. They demonstrate the harmful
effect of pesticides on metabolic processes and
the functioning of the gut — brain axis [13, 16,
17, 20, 23, 24, 47, 66]. At the same time, the
mechanisms of formation of such disorders are
still not sufficiently studied. One of the
approaches to establish causal relationships
between changes in the microbiota and func-
tional disorders of the organism is the use of
faecal microbiota transplantation (FMT) [75].
This powerful experimental method, widely
used in rodent and other animal models,
allows us to assess whether the observed
changes in behaviour and physiological func-
tions are a direct consequence of the interac-
tion of the host with the microbiota. The
method involves transferring faecal microbio-
ta from a donor to a recipient in order to recre-
ate the donor’s microbial profile in the recipi-
ent’s gut. The use of FMT in a number of stud-
ies has shown that the intestinal microbiota
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I0Th TIPH €KCIIO3UIlii TIFO(OCHHATY aMOHIIO,
MOJKYTh MEPEABATHCS IIIAXOM TPAHCIIIAHTa-
il KUIIKOBOi MIKpOOIOTH BiJl €KCTIOHOBAaHHMX
JIOHOPIB 10 HEEKCIIOHOBAaHUX PELHITIEHTIB
[75]. BonHoqac ,Z[OCJ'III[)KGHH}I B SIKHAX Oe3moce-
pPEeIHBO aHANI3YIOTh MOBEAIHKOBI MOPYIICHHS,
3aJMIIAIOThC OOMEXEeHMMH. MexaHi3mu, 3a
JIOTIOMOTOIO SIKMX TPAHCIIAHTAIIiSI MIKPOO10TH
BiJl IOHOPIB, 110 3a3Haiu BIUBY I1, mpu3Bo-
JUTH JI0 TTOPYIIECHb MOBEAIHKU Ta 1HIINX 3MiH
CTaHy 3J0pOB’Sl Yy 3J0POBUX PELHUIIEHTIB,
NOTPeOYIOTh MOJANBIIOTO 3’ ICyBaHHS.

OcTaHHIMH POKaMy ICTOTHO PO3LIMPHIIOCS
KOJIO EMiIEMIONIOTIYHNX Ta EKCIePUMEHTAIb-
HUX JOCIIIKeHb, TPUCBIYCHUX BIUIMBY PI3HUX
kiaciB [1 Ha cTpyKTypHO-(DYHKITIOHAIBHI 3MIHH
KHUIIKOBOT MIKpOOIOTH Ta CTaH 370POB’S JTFOIH-
uu [3, 33, 38, 69, 76, 77]. 3HauHa KUIbKICThH
po6iT TaKOXX JIEMOHCTPYE 3B’ 30K MiXK €KCTIO3H-
wiero IT 1 po3BHTKOM METa0OMIYHIX OPYIICHE,
30KpemMa lHCYJ'IlHOPGSI/ICTCHTHOCTl npeniadety
Ta OXKHPIHHSA, aCOIIOBAHUX 13 AUCO1030M KHUIII-
KOBOTO MikpoOiomy [35, 45, 46, 51]. JloBeneHo,
110 BB [1 MoXke CIpUYMHATH PO3BUTOK JHC-
0103y 3 OJHOYaCHUM TIOPYIICHHSM KOTHITHB-
HUX (YHKIIIH, a TAKOXK aCOIIOETHCS 31 3pOCTaH-
HSIM TIOIIUPEHOCTI HEUPOIICUXIYHUX PO3BUTKO-
BUX PO371aJiB, BKIIOYHO 3 PO3NagaMu ayTUIHO-
ro crnekrpa [62], xBopoboro Aunblireiimepa |15,
23, 25, 66], genpecMBHUMHU pO3JaJaMHu, a
TaKOX IHIIMMHU HEUPOJIeTCHEPAaTUBHIUMH 1 HEH-
POTICHXIYHIMH MOPYIICHHSIMH, 30KpeMa Cepes
MPALiBHHKIB CLTLCHKOTO TOCTIOZIAPCTBA. Haxo-
TMAYeHi JaHi CBIAYaTh, IO XPOHIYHMA BB 1
MOJKe BIZirpaBaTi BiTYyTHY POJIb y PO3BHTKY
LMX TATONOIYHAX CTaHiB. Bee Oinmbine Hayko-
BUX pOOIT JEMOHCTpPYIOTh, 0 1 31aTHI mopy-
ITyBaTH IUTICHICTh KUIIIKOBOTO Ta TeMaTOCHIIE-
¢amiyHOTO Oap’€piB, BIUTMBAIOUM Ha (YHKIIIO-
HYBaHHS OCl «MIKpoOioTa — KHIIEYHUK —
MO30K» [6, 13, 20, 27, 47].

OcobnuBuil iHTEpeC CTAHOBIATH IOCIIA-
KCHHS, B SKHX CITiIEMIOJIOTIYHHIA BIUTHB Pi3-
HUX KiaciB I1 Ha ToMHY OLIHIOETHCS MIISIXOM
BU3HAYCHHS KOHIIEHTpAIli TXHIX METaOOoiTiB
y OlOJIOTIYHHMX CEepeZIOBHINAX, 30KpeMa B Ceul.
VY Takux po0OoTax MOKa3zaHO B3aEMO3B 30K
MIX PIBHSMU IMECTUIIUAHUX META0OITIB y cedi
Ta 3MiHAMH METa0OJITHOTO TpOodiro, acolli-
HOBAHOTO 3 KHIIKOBOIO MIKPOOIOTOO, BKITFOU-
HO 3 OakTepiaJTbHUMH MeTabomiTamMu y dhekarti-
X, 10 BiAOOpaxaroTh (YHKIIIOHAIBHAN CTaH
MIKpOOHOT CITUTHHOTH.
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profile plays a key role in shaping the effects
of pesticide exposure. In particular, it has been
shown that some behavioural disorders that
occur with glufosinate-ammonium exposure
can be transmitted by transplantation of intes-
tinal microbiota from exposed donors to unex-
posed recipients [75]. However, studies that
directly analyse behavioural disorders remain
limited. The mechanisms by which transplan-
tation of microbiota from donors exposed to
pesticides leads to behavioural disorders and
other health changes in healthy recipients
require further elucidation.

In recent years, the range of epidemiologi-
cal and experimental studies devoted to the
influence of different classes of pesticides on
structural and functional changes of the intes-
tinal microbiota and human health has expand-
ed significantly [3, 33, 38, 69, 76, 77]. A sig-
nificant number of works also demonstrate the
connection between pesticides exposure and
the development of metabolic disorders, in
particular insulin resistance, prediabetes and
obesity, associated with dysbiosis of the intes-
tinal microbiome [35, 45, 46, 51]. It has been
shown that exposure to pesticides can cause
dysbiosis with concomitant cognitive impair-
ment and is associated with an increased
prevalence of neurodevelopmental disorders,
including autism spectrum disorders [62],
Alzheimer’s disease [15, 23, 25, 66], depres-
sive disorders, and other neurodegenerative
and neuropsychiatric disorders, particularly
among agricultural workers. Accumulating
evidence suggests that chronic exposure to
pesticides may play a significant role in the
development of these pathological conditions.
A growing body of scientific evidence demon-
strates that pesticides can disrupt the integrity
of the gut and blood — brain barriers, affecting
the functioning of the microbiota — gut — brain
axis [6, 13, 20, 27, 47].

Of particular interest are studies in which
the epidemiological impact of different classes
of pesticides on humans is assessed by deter-
mining the concentrations of their metabolites
in biological media, in particular in urine.
Such studies have shown a relationship
between the levels of pesticide metabolites in
urine and changes in the metabolite profile
associated with the intestinal microbiota,
including bacterial metabolites in faeces,
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HesBaxaroun Ha Te, 1O IOCITIKCHHS
mikiaBoro BruiuBy I1 Ha mikpoOiom Ha pi3-
HUX TBapUHHUX MOJEJSAX MpeACTaBIEHI
JIOCTaTHHO IIMPOKO, JIaHi MIOAO OLIHKU TXHbO-
IO BIUTMBY Ha KUIIKOBY MIKPOOHY CIIJILHOTY Ta
il MeTaboITH B JIIOAUHU 3aJIUIIAIOTHCS 00OMe-
KeHMMH. BogHouac emnigemiosoriuHi J10cii-
JKEHHsI Ta €KCIIEPUMEHTH 1n Vitro, IpUCBIYEH1
owiHLI Aii repOinuay miidocary Ha OpraHizm
moauHu [63] mokaszanu, 1o HOoro JOBroTprBa-
Jla eKCIO3UIIiSl CIPHUSE PO3BUTKY IUCOI03Yy
KHIIKOBOT MIKpOOIOTH 31 3HM)KEHHSIM YHCEIb-
HOCTI KOPHCHHUX OaKTepiajlbHUX TaKCOHIB.
[lopsx 13 UMM BCTaHOBJIEHO, IO DIidocaT
MOpyIIy€e KIITUHHI METa0OJI4HI MPOLECH, 1110
CYIIPOBO/IXKY€ETHCS PO3BUTKOM 1HCYJIIHOpE3HUC-
TEHTHOCTI, META0OJIIYHUX 3MIH y MEYlHIIl, Mi/-
BUILEHUM PHU3UKOM IIYKpPOBOro [iabeTy Ta
OXKUpPIHHA. JlOCHIPKEeHHS JTOBrOTPHUBAIIOTO
BBy POII y Koropti amepukaHIliB MEKCH-
KaHCBHKOTO MOXO)KEHHS IPOJIEMOHCTPYBAJIO
OUTBII BUCOKY YaCTOTY KOTHITUBHUX 1 MeTabo-
JYHUX MOPYIIEHb, a TAKOXK MIIBUILEHY CMep-
THICTh y LIH nomyrsuii [64].

Zhang K. et al. [50] anamizyBanu 3B’s30K
MK XpoHIYHUM BrutuBoM POII y HaBkoiMII-
HBOMY CEpEIOBHUII Ta MIKPOOHUMH 3MIHAMH B
KULIEYHUKY JIoAuHU. Jlo emiieMioNoriyHoro
nocnipkeHHst Oyno 3amydeHo 190 yuyacHUKIB,
K1 IpokuBaiu B perioHi KamidopHii, Bigomo-
My IHTEHCUBHUM 3acTocyBaHHsIM I1 y ciibChKo-
My rocnogapctsi. Cepen Hux 61 % y4yacHUKIB
manu xBopoOy IlapkiHcoHa, cepemHiii BiK
oOcTeKeHUX CcTaHoBUB 72 poku. [lani mpo
CKJaJl MIKpoOioMy Ta IMpPOrHO30BaHI MeTare-
HOMH1 (YHKILII OJep»aHi METOJOM CEKBEHY-
BaHHs reHa 16S pPHK 31 3paskiB dexaniii.
Y4acHUKHU JOCIIHKEHHS HE MaJId TOCTPUX 200
xpoHiuHux 3axBoproBanb LIKT, imyHomedi-
LUTHUX CTaHIB, a TAKOXK HE OTPUMYBAJIM AHTHU-
010THKOTEpAIii0. ABTOPH BUSIBUIA PO3BUTOK
J1c0103y KHUIIKOBOI MIKpOO1OTH Ta METadoIiy-
Hi 3MIHH, 10 XapaKTEePU3yBAJIUCS MOPYIICHHIM
KJIITUHHOTO JIUXaHHS, IOCUJICHUM 010CHHTE30M
1 Ierpa/ialli€ro CroykK, OB’ sI3aHUX 31 CTPYKTY-
poro GakTepialibHOT KIIITUHHOT CTIHKHU, 30KpemMa
noJIicaxapu/iB 1 MOTIaMiHIB, a TAKOXK IT1BUIIIE-
HuM cunare3oM nonepeanukis PHK 1 JIHK mpu
OJTHOYACHOMY 3HIKEHH1 O10CHMHTE3y BITaMiHIB
B, ta By. Takum umHOM, pesynbTaru JOCHIJI-
JKEHb CBIJIYaTh, L0 JOBIOTPUBAIMM BIUIMB
@®OII acoriroeTbest 31 3MIHAMUA YUCEJIBHOCTI
OKpeMHuX OakTeplaJibHUX TPYIl 1 MOPYLICHHSIM
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which reflect the functional state of the micro-
bial community.

Although studies of the harmful effects of
pesticides on the microbiome in various ani-
mal models are quite extensive, data on the
assessment of their impact on the intestinal
microbial community and its metabolites in
humans remain limited. At the same time, epi-
demiological studies and experiments in in
vitro studies evaluating the effects of the her-
bicide glyphosate on humans [63] have shown
that long-term exposure to it promotes dysbio-
sis of the gut microbiota with a decrease in the
number of beneficial bacterial taxa. In addi-
tion, glyphosate has been shown to disrupt cel-
lular metabolic processes, which is accompa-
nied by the development of insulin resistance,
metabolic changes in the liver, and an
increased risk of diabetes and obesity. A study
of long-term exposure to glyphosate in a
cohort of Mexican-Americans has shown a
higher incidence of cognitive and metabolic
disorders, as well as increased mortality in this
population [64].

Zhang K. et al. [50] analysed the relation-
ship between chronic environmental exposure
to organophosphorus pesticides and microbial
changes in the human gut. The epidemiologi-
cal study involved 190 participants living in a
region of California known for its intensive
use of P in agriculture. Among them, 61% of
the participants had Parkinson’s disease, and
the average age of the subjects was 72 years.
Data on the composition of the microbiome
and predicted metagenomic functions were
obtained by sequencing the 16S rRNA gene
from faecal samples. The study participants
did not have acute or chronic gastrointestinal
diseases, immunodeficiency states, and did not
receive antibiotic therapy. The authors found
the development of intestinal microbiota dys-
biosis and metabolic changes characterized by
impaired cellular respiration, increased
biosynthesis and degradation of compounds
associated with the structure of the bacterial
cell wall, in particular polysaccharides and
polyamines, as well as increased synthesis of
RNA and DNA precursors with a simultaneous
decrease in the biosynthesis of vitamins Bl
and B6. Thus, the results of the studies indi-
cate that long-term exposure to OPP is associ-
ated with changes in the abundance of individ-
ual bacterial groups and impaired functional
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(GYHKITIOHATBHOT aKTUBHOCTI METa0OIIYHUX
NUISAXIB, SKI TATPUMYIOTHCS KHIITKOBUM MIKPO-
0ioMOM JIOAMHU. ABTOPH HaroJoOIIyIOTh Ha
HCO6Xi,Z[HOCTi MIPOBEICHHS TOJATKOBHUX JTOCITiI-
HKCHB [ HI,Z[TBepI[)KeHHSI OJICPIKAHHX PE3yJib-
TaTiB 1 3’ACYBaHHS HOTGHHII/IHI/IX HACIIKIB
BUSIBIICHHX 3MiH JUISl 37I0POB S JTIOAUHH.

Ueyama J. et al. [S1] mpoanamizoBaHO B3ae-
MO3B’ 30K MK BIUTUBOM I Ta BMiCTOM KJTHOUO-
BUX MIKpOOHUX METa0OIITIB Y PeKaTisIX JTFOIH-
Hu, 30kpema KJDKK, amerary, mpormioHary,
OyTuparty, Bajepary, CyKIMHATy Ta JaKTaTy, a
TaKOXK piBHHMI/I MOJTIaMiHIB, TAKUX SIK ITyTpec-
il (ITYT) 1 cnepmigua (CPZ[) 1 MOKa3HUKAMH
pH. Onepxani pesynsraTy CBif4aTh, IO EKC-
no3utlis opranopocdarnux I1 kopentoe 3 mia-
BUIIICHUM PHU3MKOM 3HIDKCHHS KOHIICHTpALii
anerary, Jjakraty Ta CP y dexkamisx.
Bozmouac piBHI nmakTary Ta nomiaminiB CPIl y
Kaji JEMOHCTPYBAIM KOPEJSIIIO i3 BILIHBOM
HipeTPOiNHUX IHCEKTUIUAIB 1 Timidocary.
3BaKAI0YN HA T, IO ALETAT, HAUMOMHUPEHIIa
KJDKK, i makraT BimirparTh KIOYOBY POJIb y
perysiii eHepreTHIHOro MeTaboIi3sMy rocro-
napsi Ta 6epyTh y4acTb Yy MOAYJSIII CUHTE3Y U
eKCTIPeCii )KOBYHUX KHUCIOT, aBTOPU HE BHKIIIO-
Yal0Th, IO 3HIKEHHS iXHBOTO DIBHA MOXKE
CIPHUSATH PO3BUTKOBI METAOOJIYHUX TMOPY-
1IeHb. BeTaHOBIEHO, 1110 3MEHIIIEHHS KOHIICH-
Tparlii moxiaMiHiB MOXXE€ HETaTHBHO BILUTMBATH
Ha Oap’epHY (YHKIIIO KHIIEYHUKA, OCKUIBKH
3a HOPMAJbHUX YMOB IIi CIIOMYKH CTUMYIIO-
I0Th MiATPUMaHHS CIM30BOTO IIApy, 3HIKYIO-
9H 3aMajibHy aKTUBHICTD Ta IIPUTHITYIOYH CHH-
Te3 MpO3amagbHUX IHUTOKIHIB Makpogaramm.
ABTOpH HAroJIoIIyiOTh, JUIS ITiATBEPIKCHHS
CIIOCTepEe)KEeHb HEOOXIMHI MOMaNbIIl AOCHTII-
KCHHS 13 3aJTy4EHHSM PI3HUX BIKOBHX TPYT Ta
MIMPIIMX TOMYJISAIIHHUX BHOIPOK.

Mesnage R. et al. [69] moBinomuH Tpo eri-
JIEMIOJIOTTYHE JTOCITI/DKCHHS, B SIKOMY BHSIBJICHO
3B’S130K MDXK Xap4yOBHMM BIUTMBOM 186 mommpe-
HUX 1HCEKTHIMIIB, TepOinuaiB i QYHTIUAIB Ta
ckimanoM (ekanbHOro MikpoOioMy B 65 map
nopociux Onmu3HIOKIB y Benmukiit bpuranii. Y
IILOMY JOCITI/PKEHHI TTOKa3aHo, 10 eKckpertist 11
ACOLIIOETHCA 31 3HIDKEHHSM YHCEIIBHOCTI KOPHC-
HUX OakTepiallbHUX TaKCOHIB 3 OIHOYACHUM
3POCTAHHSM yYMOBHO-TIATOTCHHHX Ta IATOICH-
HHUX MIKPOOPTraHi3MiB, II0 CBIIYUTH MPO TOPY-
IIEHHSI MiIKPOOHOTO TOMEOCTa3y KUIICUHHKA.

B omyOnikoBaHMX NPOTATOM TMOTOYHOTO
poky nocmimkenusx Chen L. et al. [77] Oymo
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activity of metabolic pathways supported by
the human intestinal microbiome. The authors
emphasize the need for additional studies to
confirm the results obtained and clarify the
potential consequences of the identified
changes for human health.

Ueyama J. et al. [51] analysed the relation-
ship between pesticides exposure and the con-
tent of key microbial metabolites in human
faeces, including SCFA, acetate, propionate,
butyrate, valerate, succinate and lactate, as
well as levels of polyamines such as putrescine
(PUT) and spermidine (SRD), and pH indica-
tor. The results demonstrate that exposure to
organophosphate pesticides is correlated with
an increased risk of decreased concentrations
of acetate, lactate and SRD in faeces. At the
same time, levels of lactate and polyamine
SRD in faeces showed a correlation with expo-
sure to pyrethroid insecticides and glyphosate.
Given that acetate, the most abundant SCFA,
and lactate play a key role in the regulation of
host energy metabolism and are involved in
the modulation of bile acid synthesis and
expression, the authors do not exclude that a
decrease in their levels may contribute to the
development of metabolic disorders. It has
been established that a decrease in the concen-
tration of polyamines may negatively affect
the intestinal barrier function, since under nor-
mal conditions these compounds stimulate the
maintenance of the mucosal layer, reducing
inflammatory activity and suppressing the
synthesis of pro-inflammatory cytokines by
macrophages. The authors emphasize that fur-
ther studies involving different age groups and
larger population samples are necessary to
confirm the observations.

Mesnage R. et al. [69] reported an epidemi-
ological study that found an association
between dietary exposure to 186 common
insecticides, herbicides, and fungicides and
the composition of the faecal microbiome in
65 pairs of adult twins in the United Kingdom.
This study showed that P excretion was asso-
ciated with a decrease in the abundance of
beneficial bacterial taxa with a concomitant
increase in opportunistic and pathogenic
microorganisms, suggesting a disruption in
intestinal microbial homeostasis.

In studies published this year, Chen L. et al.
[77] analysed in detail the interactions
between 18 pesticides (15 parent compounds
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JIETaJIbHO MPOAHATI30BaHO B3AEMOIII0 MK 18
IT (15 BuxinHux crnonyk ta 3 meradosnitu) 1 17
BHUJIaMHM KHIIKOBUX 6aKTepiI71 Jo mnepemniky
JOCTTI/DKYBAHUX PEYOBHH YBIHIIIH 5K 3200pO-
HEHI Ta OOMEXEHI 10 3aCTOCYBAHHA, TaK 1
IIMPOKO BUKOpUCTOBYBaHi II, 30kpema eHpo-
KpUHHI pyHHIBHUKM Ta CTIAKI OpraHiuHi
3a0pyaHioBadl. B excniepumeHTax Ha MHILIAx
3aCTOCOBYBAJIM Jiana3oH KoHLeHTpariil 11, mo
BIJINOBIJIaB MOTEHI[IHHUM PIBHAM €KOJIOTTYHOI
eKCMO3HUIIIi y TPaBHOMY TPaKTIi JIOIUHU (IIPH-
6mu3Ho 0,05—1 MKr/mit), Ha BIAMIHY BiJ Tpaju-
MIAHUX JOCIHIKEHb, Y SIKUX 3a3BUYail BUKO-
PHUCTOBYIOTHCSI 3HAUHO BHILI J03H, 1110 MIEPEBU-
u1ytoTh 10 MKr/mi1. ABTOpY 311HCHUIINA CHCTEM-
HE MaITyBaHHS B3a€EMOJII y CUCTEMI «II€CTHIIH-
1 — MIKpOO1OM — MeTaboIiTHY», mpoaHai3y-
BaBimu 468 wmetabomniTiB. Cepen KHUIITKOBHX
Oakrepiil HauyTIMBIIIKUMU 10 BIUIUBY I1 Oymnu
OKpeMi MPEeICTaBHUKHU POMiB B.ovatus, B.uni-
formis, D.formicigenerans, B.stercoris, C.sym-
biosum, B.adolescentis, 1110 Hanexarhb 10 KIO-
YOBUX (PYHKLIOHAJIBHUX KOMIIOHEHTIB MIKpPO-
010TH KuIIeYHHKa. 3arajoM Oyio 3aikcoBaHO
nopyumeHHss B 40 MeraOOMIyHUX MIIAXaX,
BKJIFOYHO 3 METa0O0JII3MOM aMIHOKHUCIIOT, BYT-
JeBOIB, KO(AKTOPIB 1 BITAMIHIB, a TAKOXK HYK-
JeoTUAHUM MeTabomizmMoM. OcobnuBO BHpa-
KEHUMH BUSABUJIUCA 3MIHM B MeTabomi3Mi
TpI/IHToq)aHy, MPONAaHOATHOMY IIIJISIXY Ta 0OMi-
Hi JKOBYHUX KHCIOT. OKpeMy yBary NpuiIeHO
JIOCIT/DKEHHIO B3a€MOIIT «IIECTULIMIU — MIKPO-
010M — JI1AW», OCKIIBKU KUILIKOBA MIKpoO10Ta
pO3MIAIAEThCA K (DYHKI[IOHAJIBbHO AKTUBHUI
€HJ0-KpUHHUN OpraH, 3JaTHUN CHHTE3YyBaTH
010JI0T1YHO aKTHBHI1 JIMIAHI MOJIEKYIU. AHATI3
minigHoro mpoduro GakTepidl Mmokasas, IO
HaWOUIBII 3HAYHUX 3MIH 3a3HAIOTH TIIIEPO-
docdominiau Ta TIHEPONINIIA — OCHOBHI
CTPYKTYpHI KOMIIOHEHTHU OaKTepiaJlbHUX KJIi-
TUHHUX MeMOpaH. [Ipu 11bOMy BCTaHOBJEHO,
mo Il cnpuuMHSAIOTH ICTOTHI 3MIHU IIOAO
JIOBKUHH KUPHOKUCIOTHHUX JIAHITIOTIB 1 CTyTIe-
Hs TXHBOT HACHYEHOCTI, [0 MOTECHIIMHO MOXKE
BIUIMBATU HA YTBOPEHHS JIMIIHUX 1 ToJicaxa-
PHUIHUX €HJIO0TOKCUHIB Ta MPOBOKYBATH IMyHHY
TU3peryssimito. Jjis 101aTKoBO1T OLIIHKY BILIH-
By Il Ha Mikpo0i0TYy Ta MeTadoI13M rocrnoaaps
In vivo aBTOpH TaKOXX BUKOPHCTAIU MOJIENb
MuIIei 13 MoHOIH}IKyBaHHIM B.ovatus Ta exc-
nozutiiero 4,4'-J1/1E. byno Bcranosieno, 1o I1
NOPYILIYIOTh PICT 1 METAa0OJIUYHY aKTHBHICTb
KHIIKOBUX OaKTepiil, a TaKOX 3/aTHI HAKOIIH-
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and 3 metabolites) and 17 species of intestinal
bacteria. The list of substances studied includ-
ed both banned and restricted pesticides and
widely used pesticides, including endocrine
disruptors and persistent organic pollutants.
The experiments on mice used a range of pes-
ticide concentrations that corresponded to
potential environmental exposure levels in the
human digestive tract (approximately 0.05—
1 pg /ml), in contrast to traditional studies that
usually use much higher doses exceeding
10 pg /ml. The authors performed a systemic
mapping of interactions in the ‘pesticide —
microbiome —metabolite’ system, analysing
468 metabolites. Among intestinal bacteria,
the most sensitive to the effects of pesticides
were individual representatives of the genera
B.ovatus, B.uniformis, D.formicigenerans,
B.stercoris, C.symbiosum, B.adolescentis,
which belong to the key functional compo-
nents of the intestinal microbiota . In total, dis-
orders were recorded in 40 metabolic path-
ways, including the metabolism of amino
acids, carbohydrates, cofactors and vitamins,
as well as nucleotide metabolism. Changes in
tryptophan metabolism, the propanoate path-
way and bile acid metabolism were especially
pronounced. Special attention was paid to the
study of the interaction ‘pesticides — microbio-
me — lipids’, since the intestinal microbiota is
considered a functionally active endocrine
organ capable of synthesizing biologically
active lipid molecules. Analysis of the lipid
profile of bacteria showed that the most signif-
icant changes are experienced by glycerophos-
pholipids and glycerolipids — the main struc-
tural components of bacterial cell membranes.
It was found that pesticides cause significant
changes in the length of fatty acid chains and
the degree of their saturation, which can
potentially affect the formation of lipid and
polysaccharide endotoxins and provoke
immune dysregulation. To further assess the
impact of pesticides on the microbiota and
host metabolism in in vivo the authors also
used a mouse model with monoinfection
B.ovatus and 4,4’-DDE exposure. It was found
that pesticides disrupts the growth and meta-
bolic activity of intestinal bacteria, and is also
able to accumulate in bacterial cells, prolong-
ing their presence in the host organism. Such
processes are accompanied by changes in key
metabolic and lipid pathways of the microbio-
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qyBaTHCS B 6aKTepiaJ'IBHI/IX KJTITHHAX, TPOJIOH-
T'YIOYH CBOIO TIPHUCYTHICTh B OpraHi3Mi rocCro-
naps. Taki mporecu CYTPOBOIKYIOTHCS 3MiHa-
MH KJIFOYOBUX META0OIIYHMUX 1 JIIMAHUX [IIS-
XiB MiKpOO10TH, 10 MO>KE MaTH JTIOBIOTPUBAITI
HACJiIKU IS TOMEOCTasy Ta 370pOB’sl.
BusiBneHi cTpykrypHO-(DyHKITIOHATBHI 3MiHH
MikpoOioTH Ta ii MeTabOJIYHOT aKTUBHOCTI
OTOCEPEIKOBAHO BIUIMBAIOTh HA IMYyHHY Ta
3amayibHy BIANOBIb, AKTHBAIIIIO armormTosy,
TMOPYIICHHS MeTabOoIIYHUX MPOIECIB 1 PO3BU-
TOK OKMPIHHS, KapAioMeTabOoIIYHIX Ta ceplie-
BO-CYJIMHHUX 3aXBOPIOBaHb. BomHOUac aBTOpH
MiJIKPECTIOI0Th, Ha CHOTOJHI 3aJUIIAETHCS
OOMEXEHUM PO3YMIHHS IUISIXIB METa00Ii3My
MiKp06iOMHI/IX JIITIB Y KAIIEYHUKY Ta IXHBO-
IO B3a€MO3B 5{3Ky 3 IUPKYIIOIOYNMH JTiITiIaMU
opraH13My Ile icToTHO YCKIJIQJIHIOE PO3KPHTTS
MeXaHi3MiB JU3PETYIISIIl T IHOTO ¥ eHepre-
THYHOTO FOMEOCTA3y rOCIIOAaps Ta [0B ’SI3aHUAX
13 UM (Hi310JI0TTYHUX TIPOIIECIB.

Taxum uuHOM, BIutuB 1, 30Kkpema mexaHi3-
MU IXHBOI JIii Ha KUIITKOBY MiKpo0ioTy, ii MeTa-
OOJITH Ta 3arajJbHUI CTaH 370POB’S TOCIOA-
psi, IUIIIEe B OCTAaHHI POKY TTOYMHAIOTHh aKTHBHO
JOCITI/DKYBATHCS. 3 SBISIETbCS Aeam Olibiine
POOIT, MPUCBSIYCHUX aHATI3Y CTPYKTYPHO-(PYH-
KI[IOHAJTBHUX 3MiH MIKPOOHOI CHUIBHOTH
KHUIIIEYHUKA Ta 1I MeTa00IIYHOrO npoqmno i
BIUTMBOM TepOiluIiB, QYHTIIMIIB Ta IHCEKTH-
muaiB. OTpuMaHi pe3yJabTaTd CBiq4aTh, IO
TaKi 3MiHU MOXKYTbh ICTOTHO BIUIMBATH Ha CTaH
370POB s, CIpUsoYH (POPMYBAHHIO XPOHIYHO-
O 3amajieHHs, MeTa0OMIYHUX Ta HEUPOCHIOK-
PUHHHX TIOPYIICHb.

BucHoBkM. Y 3B’53KY 3 IIUPOKUM BUKOPHC-
TaHHIM iHCCKTI/IHI/LZ[iB F€p6iHI/I,I[iB byHTrim-
B Ta pO,ZleHTI/IHI/I,Z[IB y Cy4acHi# CLIbCHKOTOC-
MOJIAPCHKI npaKTHul BCTaHOBJICHO, 1110 OJIHI-
€10 3 HEIOOIIHEHUX 1 HETUIIOBUX MIiIIECHEN
iXHBOI TOKCHYHOI [Iii € KUIIKOBUH MIKpOOioM.
JloBeneHo, 10 MiKpo0OioOM KUIIIEYHHKA Ta HOTO
MeTaloJITH — Ie AUHAMIYHA €KOCHUCTeMa 31
CKJIaIHUMH B3aEMO3B’SI3KaMU Ta BUCOKOIO UyT-
JIUBICTIO 70 3O0BHINIHIX BIUIABIB, OCOOJIMBO
MIECTHUITUIIB, SIKi 3PEIITOI0 BU3HAYAIOTh 3aralib-
HUH CTaH 370pOB’Sl Ta PU3UK PO3BHUTKY Pi3HO-
MaHITHHX 3aXBOPIOBAHb.

— I3 11 BimoMUX THIMIB MiKPOOPTaHi3MiB, 110
(bopMyIOTL KHUIITKOBY M1Kp0610Ty JIFOAWHU,
JIOMIHYIOTh YOTHPU OCHOBHI 6aKTeplaHBH1
tunu: Actinomycetota (paHilie BiIOMi SK
Actinobacteria), Bacteroidota (paHnimie Bigomi
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ta, which may have long-term consequences
for homeostasis and health. The identified
structural and functional changes in the micro-
biota and its metabolic activity indirectly
affect the immune and inflammatory response,
activation of apoptosis, metabolic disorders
and the development of obesity, cardiometa-
bolic and cardiovascular diseases. At the same
time, the authors emphasize that today the
understanding of the metabolic pathways of
microbiome lipids in the intestine and their
relationship with circulating lipids of the body
remains limited. This significantly compli-
cates the elucidation of the mechanisms of
dysregulation of host lipid and energy home-
ostasis and the associated physiological
processes.

Thus, the influence of pesticides, in partic-
ular the mechanisms of their action on the
intestinal microbiota, its metabolites and the
general health of the host, has only recently
begun to be actively studied. There is an
increasing number of works devoted to the
analysis of structural and functional changes
in the intestinal microbial community and its
metabolic profile under the influence of herbi-
cides, fungicides and insecticides. The results
obtained indicate that such changes can signif-
icantly affect health, contributing to the forma-
tion of chronic inflammation, metabolic and
neuroendocrine disorders.

Conclusions. Due to the widespread use of
insecticides, herbicides, fungicides and roden-
ticides in modern agricultural practice, it has
been established that one of the underestimat-
ed and atypical targets of their toxic effects is
the intestinal microbiome. It has been proven
that the intestinal microbiome and its metabo-
lites represent a dynamic ecosystem with
complex relationships and high sensitivity to
external influences, especially pesticides,
which ultimately determine the overall health
status and the risk of developing various dis-
eases.

— Of the 11 known types of microorganisms
that make up the human intestinal microbiota,

four main bacterial types dominate:
Actinomycetota  (formerly  known  as
Actinobacteria), Bacteroidota (formerly

known as Bacteroidetes), Bacillota (formerly
known as Firmicutes) and Pseudomonadota
(formerly known as Proteobacteria). It has
been proven that the human host and its intes-
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K Bacteroidetes), Bacillota (paniiie Bijomi sik
Firmicutes) Ta Pseudomonadota (pauimie Bio-
Mi sik Proteobacteria). JloBeneHo, 110 JroaruHAa-
rocrojiap Ta ii KMIIKOBa MIKpoOioTa (yHKIIIO-
HYIOTh SIK €IMHUNA «METabONIYHUN Oprany,
SAKUN BUKOHYE IIMPOKUN CIIEKTP )KUTTEBO BaX-
IMBHX 3aB/IaHb, HEOOXITHUX JUIs MiATPUMAaHHS
3n0poB’st. Ckjaa 1 pI3HOMAHITTS KHUIIKOBOI
MiKpoO10TH Ta ii MeTa0oITIB BU3HAYAIOTh pea-
J3aliio YUCICHHUX (YyHKLIN, 30KpeMa Oakre-
PHUIMIHOI Ta OaKTep10CTAaTUYHOI, IMyHOT€HHOT,
MeTaboJIIYHO1, TpaBHOI, JAETOKCHUKAIINHOI,
PEryisaTOPHOI, EHEPIeTUYHOI, TEHETUYHOI, CEK-
PETOPHOI Ta CHHTETUYHOI, BKJIFOUYHO 13 CHHTE-
30M BITaMiHIB, OAaKTEpIOIMHIB, aHTUOIOTHKIB
Ta I1HIMMX OIOJOTIYHO AKTHUBHUX MOJIEKYII.
KumkoBa MikpobioTa Takox Oepe y4acte y
MOAYJSIII  CHUHTE3y HEHPOTPaHCMITEPIB,
KJIKK, HomcaxapI/ImB JKOBYHHX KHUCIIOT 1
MoJliaMiHIB, SIKI 3a0€3Me4yyloTh HOpPMaJbHHIA
CTaH MPOHUKHOCTI KUIIKOBOTO Ta TeéMaTOEHIIe-
baniyroro 6ap’epis.

— JlaHi eKcriepuMEeHTaIbHUX JTOCIIKEHb Ha
TBapuHaX 1 €MiIeMIOJIOTIYHUX JOCIIHKEHb Y
pI3HMX KOroprax JoAeill 3acBiA4yIOTh, IO
JIOBrOTpHUBAJIa 1Sl TMECTULM/IB MOXKE YUHUTH
HIKIJIMBANA TPSAMUAN 1 HENPSIMUM TOKCUYHHIA
BIUIMB Ha KUIIKOBUH MikpoOioM. [Tpsimuii Tok-
CUYHUH BIUIMB NIECTUIIMIIB HA MIKPOOPTaHI3MH
KHIIKOBOI CIUIBHOTU MPU3BOAUTH O TOPY-
IIEHHS I[UTICHOCTI KJIITUHHUX MeMOpaH, Mpu-
THIYEHHSI CUHTE3y (PEpPMEHTIB Ta IHIIUX (PyH-
KIIIOHAJIbHO Ba)XXJIMBHX cronyk. Lle, y cBoro
4yepry, HOpyLIy€e B3aEMOJIII0 MK MIKpOOioMOM
1 Tocroapem, TNepemKoKae O10CHHTETUYHUM
IUISXaM  yTBOPEHHS BITAMIHIB, apOMATHYHHX
AMIHOKHCIIOT 1 HEHPOTPaHCMITEpiB, WO Ma€
KPUTHYHE 3HAYEHHS JUIsl MIATpUMaHHS ¢izio-
JIOTIYHOTO TOMEOCTa3y Ta 3/10POB’sl JIFOAUHU.

HenpsiMuii TOKCHYHUI JTOBrOTpPUBAIUI
BIUIMB TECTUIHU/IB HAa KHUIIKOBY MIKPOOHY
CHUIBHOTY TPU3BOAUTH 10 3MiH (I3UYHUX 1
010XIMIYHUX XapaKTEPUCTUK KUIIKOBOTO cepe-
nopuma. Taki 3MIHM CHPUSIOTH PO3BUTKOBI
nuc6103y, IO MPOSBISETHCS 3MEHIICHHSIM
YHCENbHOCTI KOPUCHOI MIKpO(IopH Ta OIHO-
YaCHUM 3pPOCTaHHSIM YMOBHO-IIATOT€HHUX 1
NaTOTeHHUX MikpoopraHizMiB. [lopymieHHs
MIKpOOHOTO 6anaHCy CyNpPOBOIKYETHCS 3MIHA-
Mu ekcrpecii monaa 500 mikpoOHuX 1 MmeTabo-
mTHUX cnonyk. /[ucGananc ckimany it merabo-
J13MY KHUIIIKOBOI MIKpOOIOTH CIIPUSIE TOPYIICH-
HIO MOTOPUKHU KHUILIEUYHUKA, 3HIKEHHIO Oap’ep-
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tinal microbiota function as a single ‘metabol-
ic organ’ that performs a wide range of vital
tasks necessary for maintaining health. The
composition and diversity of the intestinal
microbiota and its metabolites determine the
implementation of numerous functions,
including bactericidal and bacteriostatic,
immunogenic, metabolic, digestive, detoxifi-
cation, regulatory, energetic, genetic, secretory
and synthetic, including the synthesis of vita-
mins, bacteriocins, antibiotics and other bio-
logically active molecules. The intestinal
microbiota is also involved in the modulation
of the synthesis of neurotransmitters, SCFA,
polysaccharides, bile acids and polyamines,
which ensure the normal state of permeability
of the intestinal and blood — brain barriers.

— Data from experimental animal studies
and epidemiological studies in various human
cohorts indicate that long-term exposure to
pesticides can have harmful direct and indirect
toxic effects on the intestinal microbiome. The
direct toxic effect of pesticides on microorgan-
isms of the intestinal community leads to dis-
ruption of the integrity of cell membranes,
inhibition of the synthesis of enzymes and
other functionally important compounds. This,
in turn, disrupts the interaction between the
microbiome and the host, interfering with the
biosynthetic pathways for the formation of
vitamins, aromatic amino acids and neuro-
transmitters, which is of critical importance
for maintaining physiological homeostasis and
human health.

— Indirect toxic long-term effects of pesti-
cides on the intestinal microbial community
lead to changes in the physical and biochemi-
cal characteristics of the intestinal environ-
ment. Such changes contribute to the develop-
ment of dysbiosis, which is manifested by a
decrease in the number of beneficial microflo-
ra and a simultaneous increase in opportunistic
and pathogenic microorganisms. Violation of
the microbial balance is accompanied by
changes in the expression of more than 500
microbial and metabolic compounds.
Imbalance in the composition and metabolism
of the intestinal microbiota contributes to
impaired intestinal motility, reduced barrier
function of the intestinal and blood — brain
barriers, as well as dysfunction of the regula-
tory axes of the body, in particular the axis
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HO1 (DYHKIIIT KMIIIKOBOTO Ta TeMaTroeHIIedatiy-
HOrO Oap’ €plB a TaKoX IMCQYHKUIT peryss-
TOPHHUX OCEH OpraHiaMy, 30KpeMa Oci «MiKpo-
6iom — rinoranamo-rinodizapHo-HaHUPHUKO-
Ba cHcTeMay. [lomKomKEeHHS MiKpoOioTH
BHACIIIJIOK MPsIMOTO a0 OMOCEepPEeIKOBAHOTO
BIUTMBY TMECTHUIHIIB 3/1aTHE 3aITyCKaTH KacKau
HEHPOCHIOKPHUHHUX Ta IMyHHHUX MOPYIIEHb. Y
pe3yNbTaTi TaKUX 3MiH 3pOCTAE PUBHUK PO3BUT-
Ky IIUPOKOTO CIEKTpa MaTOJOTIYHUX CTaHIB,
BKJIIOYHO 13 3amajbHUMH 3aXBOPIOBAHHSIMU
IIKT, mopymieHHsM MeTaOoigHOTO Ta CHEep-
TETHYHOTO TOMEOCTasy 3 (hOpMyBAHHSIM Heall-
KOTONEHOT XKHPOBOi XBOPOOH MEUIHKH, IHCYIIi-
HOPE3HCTEHTHOCT, IyKPOBOTO )11a6eTy, OXKH-
piHHA, KOTHITUBHUX IOPYIICHHb, HeWpozaere-
HEpaTUBHUX Ta HIIUX 3aXBOPIOBAHb.
Po3mmpenHss BOpOBaJKEHHS Cy4YacHUX
MOJICKYJIIPHO-TEHETUYHHX TTIIXOIB Y MIKpPO-
OIOMHHX JTOCII/DKEHHSX, 30KpeMa IPH OITiHII
BIUIMBY MECTULUAIB Ha KHUIIKOBY MIKPOOHY
CTIUTLHOTY Ta 11 METa0OITH, Mae CTIPHATH IHo-
LIOMY PO3YMIHHIO CKITaJHHX B3a€MO3B’S3KIB
MK MIKpOOIOMOM 1 opramisMom rocrogaps. Lle
JI03BOIUTE YTOYHHTH MEXaHI3MH (OpMyBaHHS
MeTabOMUHUX, 3amajbHUX, CHAOKPUHHHX 1
HCHPOJICTCHEPATHBHIX 3aXBOPIOBAHb T4 CTBO-
PUTH HAYKOBE TATPYHTS IS ONTHMI3ALIT mpo-
(biTaKTHYHMX 1 TepPaleBTUYHHUX CTpATeTiil.
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‘microbiome — hypothalamic-pituitary-adrenal
system’. Damage to the microbiota due to
direct or indirect exposure to pesticides can
trigger cascades of neuroendocrine and
immune disorders. As a result of such changes,
the risk of developing a wide range of patho-
logical conditions increases, including inflam-
matory diseases of the gastrointestinal tract,
impaired metabolic and energy homeostasis
with the formation of non-alcoholic fatty liver
disease, insulin resistance, diabetes, obesity,
cognitive disorders, neurodegenerative and
other diseases.

Expanding the implementation of modern
molecular genetic approaches in microbiome
studies, in particular when assessing the
impact of pesticides on the intestinal microbial
community and its metabolites, should con-
tribute to a deeper understanding of the com-
plex relationships between the microbiome
and the host organism. This will allow us to
clarify the mechanisms of metabolic, inflam-
matory, endocrine and neurodegenerative dis-
eases development and create a scientific basis
for optimizing preventive and therapeutic
strategies.
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