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Review article

AHHOMayus

Bropas yactb 0630pa nuTepaTypbl, MOCBALLEHHOMO PONN HAPYLUEHUIA KULLEYHON MUKPOBMOTEI B MatoreHese pac-
cTponcTts aytuctudeckoro cnektpa (PAC), cogepxut aHanma ony6rnvMkoBaHHOW NUTepaTypbl O BO3MOXHbIX Me-
XaHn3Max BnMsAHMSA AMcOMo3a KuLeYHrKa Ha YHKUMIO LeHTpanbHOW HEPBHOM cucTeMbl 1 cumntombl PAC u,
HaobopOoT, BNNSHWSA HEPBHOW CUCTEMbI HA KULLEYHYIO MUKPOBMOTY. PaccMOTpeHbl rMnoTessbl MeaneHHoro Bocna-
NEeHns1, rMNepcepoTOHMHEMUN, NPOAYKLIMN TOKCUYHBIX METabonnToB KMULLEYHOW MUKPOBMOTON, HapyLleHns npo-
HMLAEMOCTU KWLLEYHOW CTEHKU, @ Takke BNMAHMA Ancbrosa KnweYHuKa Ha CUHTE3 aMUHOKMUCIIOT, BUTaMUHOB U
Opyrnx 6uonornyeckn akTUBHbIX BELLECTB, MOTEHLMANbHO 3aA4eNCTBOBaHHbLIX B aTMonorm n natoreHese PAC.
MpvBeAeHbl aKCnepMMeHTanbHble Y KIMHUYECKNe AaHHbIE B NOAAEPXKKY NnepevncrieHHblx runotes. Cdhopmynu-
pOBaHbl OCHOBHbIE MEXaHU3Mbl OCY KULLEYHUK—MO3F, KOTOpbIE MOTYT UMETb OTHOLLEHUe K naTtoreHedy PAC.

KnioueBble cnoBa: paccmpolicmea aymucmu4eckoeo criekmpa, Mukpobuoma, oucbuos, ocb KUWEYHUK—MO3e,
0b630p
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Dysbiosis of intestinal microbiota in autism spectrum disorders:
new horizons in search for pathogenetic approaches to therapy.
Part 2. Gut-brain axis in pathogenesis of autism spectrum disorders

Anna S. Blagonravova, Tatyana V. Zhilyaeva, Darya V. Kvashnina™

Privolzhsky Research Medical University, Nizhny Novgorod, Russia

Abstract
The second part of the literature review on the role of intestinal microbiota disturbances in the pathogenesis of
autism spectrum disorders (ASD) is devoted to the analysis of published literature on the possible mechanisms
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underlying the impact of intestinal dysbiosis on the function of the central nervous system and symptoms of ASD
and vice versa, the effect of the nervous system on the intestinal microbiota. The hypotheses of slow inflammation,
hyperserotoninemia, the production of toxic metabolites of the intestinal microbiota, impaired intestinal wall
permeability, and the effect of intestinal dysbiosis on the synthesis of amino acids, vitamins and other biologically
active substances that are potentially involved in the etiology and pathogenesis of ASD are considered. Available
to date experimental and clinical data supporting these hypotheses are presented. The main mechanisms of the
so-called gut-brain axis, which may be related to the pathogenesis of ASD, are formulated.
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Funding source. The work was carried out within the framework of the State assignment No. 056-00057-20-02,
approved by the Ministry of Health of the Russian Federation on January 22, 2020, on the topic «Gut microbiota
transplantation in children with autism spectrum disorders (ASD)» (registration number: AAAA-A20-120022590145-1).

Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this

article.

For citation: Blagonravova A.S., Zhilyaeva T.V., Kvashnina D.V. Dysbiosis of intestinal microbiota in autism spectrum
disorders: new horizons in search for pathogenetic approaches to therapy. Part 2. Gut-brain axis in pathogenesis
of autism spectrum disorders. Journal of microbiology, epidemiology and immunobiology = Zhurnal mikrobiologii,
épidemiologii i immunobiologii. 2021; 98(2): 221-230. https://doi.org/10.36233/0372-9311-83

BsepeHune

Nmeronuecss K HacTOALIEMY BPEMEHM JIaHHBIE O
TOM, 4TO NP PaCCTPONCTBAX ayTUCTUUYECKOTO CIIEKTpa
(PAC) otmeudaroTcs KOJIMYECTBEHHbIE M KaueCTBEH-
Hble OCOOCHHOCTH COCTaBa KHIIEYHOH MHKPOOHOTHI,
KOTOpbIE MOTEHLUAIFHO MOTYT OBITH BOBIICUCHBI B
passutne cumntoMoB PAC, craBaT Bompoc o HEoOxo-
JUMOCTH TOMCKa MEXaHU3MOB, TOCPEACTBOM KOTOPBIX
MHUKPOOPTaHU3MbI KHIIEYHHKA MOTYT OKa3bIBATh BIIU-
SHUE€ Ha TICHXMYECKOE COCTOSHUE XO3iMHA. 3HaHUA O
TaKMX MEXaHM3Max He TOJIBKO OTKPOIOT MyTh K Jy4YIlle-
My NMOHUMAaHMIO U JaJbHEWIINM HCCIeIOBaHUSIM ITH-
onarorene3a PAC, HO U mo3BoisAT pa3pabarbiBaTh WH-
TE€pPBEHIIMOHHBIE MOIXO/bI, TaK KaK KUIIEYHas MUKPO-
0610Ta MOXKET MOJBEPraThCsi KOPPEKIIMH OTHOCUTENIBHO
0e30macHBIMU METOJaMH, KakK 3TO YK€ OBLIO MMOKa3aHO
NPY BOCMAIUTENBHBIX 3a00JIEBAaHUSAX KHIICYHUKA.

B nmanHOi uacTu 0030pa JUTEpaTyphl PaccMo-
TPEHBl OCHOBHBIE THUIOTETHYECKHE MEXaHW3MBI, IO-
CPEJCTBOM KOTOPBIX MOXKET OCYLIECTBIISATHCS BIUSHHUE
KHIIEYHOro AucOno3a Ha ICHXOMAaTOJOrHYecKoe Co-
cTossHue nanueHToB ¢ PAC, mpuBeneHb! SKCIEpUMEH-
TaJbHbIC M KIMHUYECKUE JaHHBIC, OMyOINKOBAaHHbIC B
JUTeparype K HacTOsIIEeMy BpeMEHH, CITyKale 060c-
HOBAaHHEM JJISl COOTBETCTBYIOIUX THITOTE3.

ﬂ,I/ICGI/IO3 KUWeYHVKa KaK Nnpnu4ynHa

cucremHoro socnaneHua npm PAC
Cy1iecTByeT TUIOTe3a, YTO TaCTPOUHTECTHHAIIb-
Hele (I'M) npobnemsr npu PAC mMoryT ObITH mposiBiie-
HUEM BOCIAINTEIBHOIO MPOLECcCca, KOTOPBIM SBISAETCS
00IKM naTtoreHeTHYecKuM 38eHoM 1 [ M-paccTpoiicTs,
u PAC [1], u B mosib3y 3TOrO MOSBISIETCS BCE OOJIBIIE
cBUeTeNbCTB [2, 3]. MHOrHe HeAaBHHE 0030PBI yKa-
3BIBAIOT Ha KOPPEIIAIMIO MEX/Ty BOCIaJIEHUEM, UMMYH-
HoW qucdyHkiueit y nereit ¢ PAC ¥ conmyTCTBYOIUMU
3a00JIeBaHHUSAMU KEITYJOYHO-KUIIEYHOTO TpakTa [1, 2].
CpaBHuBas npouiyd TPaHCKPUITOMa HpU OUOIICUH
KumIeyHuka y aereit ¢ PAC, s3BeHHBIM KOJIUTOM U 00-
ne3nbto KpoHa, rpymnmna uccienoBarenei nokasana, 4To

TPaHCKPHUITIHOHHBIN MPOQHIL TKAaHEH TOAB3OIIHON U
TOJCTOM KuIIkK y Aeter ¢ PAC ObLI aHAJIOTHYEH TaKo-
BOMY y MallMEHTOB C BOCHAIUTEIbHBIMH 3a00JI€BaHU -
MM KUIIeyHuKa [3].

OnHako Ipyrue HWCCIEAOBaHUS HE OOHAPYKIIH
yBETMUEHUST MapKEPOB KHILIEYHOTO BOCHAIECHUS —
KaJbIPOTEKTUHA, JaKTO(QeppuHa, cekpeTopHoro IgA
WK 31acTassl B Gekanusx y manueHToB ¢ PAC o cpas-
HEHUIO CO 37I0pPOBBIMHE JeTbMu [4, 5]. Tem He MeHee mpu
OMOIICHY KUIIICYHHKA Y JACTeH C ayTH3MOM B TKaHsIX Ha-
Onronaercst MHGWILTPAIUs JTUMQPOIUTAMH, MOHOIIUTA-
MH, HaTypaJIbHBIMU KAJJIEPaMH U S03WHOPHIIaMH, KaK y
JIFONCH ¢ IMMYHOJIC(HUIIUTOM U IUIICBOM ayuteprueii [ 1].

MukpoOuoTa u ee MeTabOIUTH UMEIOT pellaro-
11ee 3HaYeHHe Ui MOepKaHUS LIETIOCTHOCTH JIUTe-
TuanpHOro Oaphepa; MO3TOMY MpHU AUCOMO03e y TMaIu-
eHToB ¢ PAC MOXeT M3MEHATHCS MPOHHUIIAEMOCTh KH-
HneyHuKa [6]. DT0 COCTOSHUE MOXKET CIIOCOOCTBOBATH
NPOHUKHOBEHUIO OakTepwii, OakTepUalbHBIX MeTado-
JUTOB U TOKCHMHOB (TaKWX, KaK JIMIOMOJIMCAaXapunu),
JpyTUX MeTaboIUTOB (He 00s3aTeNbHO OaKTepUaIbHO-
rO MPOUCXOXKIIEHUSI) B KPOBOTOK, aKTUBUPYS WMMYH-
HBIA OTBET M BBI3BIBAS BOCHIAJIUTEIbHBIE M3MEHEHMS.
XOTs A0 CUX TOp HET eIWHOTO MHEHHS, HEKOTOpbIe
UCCIIEZIOBAaHUS TIPOAEMOHCTPUPOBAIN HAJIWYHE pPa3-
JUYHBIX Mapk&poB BocmaneHus y aereit ¢ PAC [7, 8].
AKTHUBHpOBaHHAass UMMYHHasi CHCTEMa BBICBOOOXKIAET
BOCIAJTUTENIbHBIC ITUTOKUHEI [ 1] 1 XeMOKHHBI, KOTOPHIE
MOTYT OTPaKaThCs Ha paboTe MEHTpaIhbHOW HEPBHOU
cuctemsl (IIHC) u BHOCHTH BKJIaJ B IATOT€HE3 ayTH3-
Ma, B YaCTHOCTH, 3a CUET BJIMSHUS Ha pa3BUTHE MO3ra
B panHeM oHToreHese [9]. EcTh maHHbBIE O MOBHIIICH-
HBIX YPOBHSIX MPOBOCHAIUTENBHBIX IUTOKMHOB, TAKUX
KaK MHTEepJICHKUHEI- 13, -6, -8, -12p40, dakTop Hekpo3a
OMyXOJIU-0. U TpaHchopMHUpyOIIUi (akrop pocta-f,
B IUIa3Me, a TaKXKe O TUIIEPAKTUBAIIUU KIETOYHOTO UM-
MYHHOTO 0TBeTa y Aereii ¢ PAC, u 3Tu uMMyHHbBIS/BOC-
ManuTeNbHble MPO(UIN aCCOLMUPOBAHBI C TSKECTHIO
HelponoBeaeHueckux cumrromoB mpu PAC [10, 11].
HenaBuee nccnenoBanue mokasajio, YTO B aCTPOIMTAX
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y nereii ¢ PAC oOHapy»kuBatoTcs 60j1ee BRICOKUE YPOB-
HU POBOCTIAIUTEIILHBIX IATOKUHOB, YeM Y CyObEKTOB
KOHTPOJIBHOM Ipynmsl [2], U 3TO MOXKET BBI3bIBAaTh Ha-
pYUICHHS Pa3BUTHS HEHPOHOB M CHHAIICOB Yy JIEeTEH C
PAC [12].

E.Y. Hsiao u coaBr. Ha mogenu PAC y mbimeit
OOHAPYXXWJIM 3HAYUTCIbHBIC HAPYIICHUS IEJIOCT-
HOCTH KHIIEYHOTO Oapbepa, YTO OTpaKkajioch B yBe-
JIMYCHUU TPOHUKHOBEHUS CIICHUAIBHOTO Mapkepa
FITC-nekcrpana (Fluorescein isothiocyanate-dextran)
4yepe3 KHUIIeYHBIM SMUTeNnii B KpoBOTOK [6]. Taxoke
Oosiee BBICOKAsl KUIICYHAS TPOHMIIAEMOCTh Yy JNIETEH,
CTpaJaloMUX ayTU3MOM, ObUIa MPOAEMOHCTPUPOBAHA
C TIOMOUIBIO TECTa Ha JIAKTYI03y/MAaHHUTON Y MaIHeH-
TOB U UX OMmkaiimx poacteeHHuKoB [4]. Kpome Toro,
y neteit ¢ PAC B 1uta3me BhISIBIIIETCSL O0Jiee BBICOKUI
yYpOBeHB 0OeNKa, Peryaupyrouero NpoHUIaeMocTh K-
LIEYHHKA, — 30HYJIMHA (II0 CPABHEHHIO CO 37J0POBBIMU
JETbMH MJIQJIIIETO BO3pacTa), a IMOBBIIICHUE YPOBHS
30HYJIMHA KOPPETHPOBAIIO C BHIPAKEHHOCTHIO CUMIITO-
MOB ayTusma [2].

Jlunononucaxapuy, MPOHUKHOBEHHE KOTOPOTO B
IJ1a3My TOBBIMIASTCS MPH BOCIAIUTEIBHBIX HW3MEHE-
HUSAX KUIICYHUKA, UTPACT BAXKHYIO POJIb B MOAYJISAIIUU
pabotsl LITHC, moBblmIeHNMM aKTUBHOCTH HEKOTOPBIX
o0JacTeil, OTBETCTBEHHBIX 32 KOHTPOJIb IMOITHI, TAKUX
Kak MUHJalieBuaHoe Teio [13]. Bei3BanHas TAMOIONH-
caxapuJIoOM TPOIYKIMS BOCHAJIUTEIBHBIX ITUTOKUHOB
M3MEHSCT (PU3MONIOrMYECKY0 aKTUBHOCTh MO3Ta, MO-
Iynupyst cuHTe3 HeliporentuaoB [14]. Uccnenosanue
E. Emanuele u coapr. (2010) nokasano, 4To ypoBeHb
JUIOTIONIMCaXapuia B CHIBOPOTKE OBbUT 3HAYUTENIHHO
BBIIIIE Y MAIIMEHTOB C ayTH3MOM 110 CPABHEHHIO CO 3710~
POBBIMH JIFOIBMH U UMEJT 00PaTHYIO KOPPEISIHIO C MO-
KazaTeasIMH colpanu3anuu [15].

DKCIIEPUMEHTBI, TPOBEAEHHBIC Ha MBIIIAX B MOJIC-
JIY C @y TUCTUKOMIOJJOOHBIMU HAPYIIICHUSIMU TIOBEACHUS,
oKasaJu, 4yTo 1o0aBjeHue K nuie Bacteroides fragilis
MOKET U3MEHSATh KUIICYHYI0 MHUKPOOHOTY U MPOdUiIbL
METa0OJIUTOB KPOBHU, KOPPEKTHPOBATH IOBBIIICHHYIO
IIPOHUIIAEMOCTh KHIIIEUHHKA (BOCCTAHABIMBATh Pa3phl-
BBl B MEXKJICTOUHBIX COCAMHEHUSIX) M YJIy4IlaTh IO-
BegeHue, accoruupoBanHoe ¢ PAC [6]. Otot (akt He
TOJILKO TIOATBEPXKAAET POJIb MUKPOOHOTHI U 3HAUCHUE
W3MEHEHUH 1IeTI0CTHOCTH KUIIIEYHOTO Oapbepa B reHe3e
ayTH3Ma, HO U BHYIIAET ONTHUMH3M B OTHOIICHUH BO3-
MOYKHOCTEU KOPPEKIMM CUMIITOMOB ayTH3Ma C ITOMO-
b0 HOPMAJTH3AI[MK MUKPOOUOTHI KHIIICUHHUKA.

Ponb CEPOTOHNHA N ApPYrnx
HellpoMenaTopoB
I'unepceporonunemus y neteii ¢ PAC 6pu1a mpo-
neMoHcTpupoBaHa B 1970-x rr., a e€ Koppemsiuus c
I'M-cumnromamu ObL1a HelaBHO OOHapykeHa S. Marler
u coabT. [16]. Ilockonbky 90% cepoToHHHA EIHHOU
KPOBH CHHTE3MPYETCs KHILIEYHBIMU SHTEpoxpomad-
(UHHBIMH KJIETKAMH, OBUIO BBICKAa3aHO MPEATONIOXKe-

HUE, 4yTo Oosiee BHICOKHE YPOBHHM CEPOTOHHHA Y JeTel
¢ PAC Moryt OBITh BBI3BaHBI JKENYTOYHO-KHIIEYHOH
runepcekpenneit ceporonuna [17]. Ora runoresa mpo-
Bepsuiack B Mojielisix PAC Ha MblIIax, ofHako TpeOyroT-
cs JajbHEWIINe UCCIe0BaHUs B 3TOM HalpaBlIEHUH,
B TOM YHUCJIE C ydacTueM Jironel. [IpuunHel noBbIIEeH-
HOTO ypoBHs cepoTonrHa npu PAC He TONBKO reHeTH-
gyeckue. K 3ToMy MOTyT Takke UMETh OTHOILIEHUE WH-
¢exnuu, ['M-paccTpoiicTBa U HapyIIEHHS B UMMYHHOM
cucreme [18].

B HenaBHUX HCCIEOBAaHUSAX HAa MBIIIMHBIX MO-
JeNsiX ObUTH OOHApYKeHbI 0COOEHHOCTH MUKpPOOHOMaA
npu PAC, accounupoBannsie ¢ I'-paccTpoiicTBamu 1
MOBBIIICHHON MPOAYKIUEN CEPOTOHHHA B KHILIECYHHKE
[19], monTBepKAarOIIKe B3aHMMOCBSI3b MEXKIY CHUHTE-
30M CEpOTOHMHA B KWIICYHUKE U AucOM030M. Kpome
TOTO, TI0Ka3aHo, uro y aetreit ¢ PAC u I'-paccrpoii-
CTBaMu 110 cpaBHeHUIo ¢ aeTbMu ¢ PAC 6e3 ['U-cum-
NTOMOB HalIonaeTcs Oonee BBICOKAsl paclpoCTpaHEH-
HOCTh BHJIOB KJIOCTPHUJIUHN B CIM3UCTOW 00OJIOUKE KH-
HIEYHHKA, YTO TaKkKe KOPPETUPOBAJIO C MOBBIIIEHHBIMU
YPOBHSMH IIUTOKHHOB, CEPOTOHWMHA U TpUNTO(aHa B
Ouomnrarax ciu3ucTon obomouku. [Ipu 3TOM B Mo3re y
nereit ¢ PAC o0HapyXnBanuch CHU)KEHHE YPOBHS Ce-
pPOTOHMHA U TUNIocepoToHnHeMus [20].

Cornacao C.G. De Theije u coaBr., npu MeJIeH-
HOM BOCIAJICHUH KHIICYHHWKA B TPOMOOIMTAX, dHTE-
poxpomMadPUHHBIX M TyYHBIX KJIETKaxX WHIYHUPYETCS
CHHTE3 CEpOTOHMHA, YTO MPUBOJUT K HAPYIICHUIO MO-
TOPHUKH KUIICYHUKA U M30BITOYHOMY MOTPEOJICHUIO €T0
npeamecTBeHHrKa — Tpunrodana [21]. CnenoBareins-
HO, YpOBEHb TpUNTO(AaHA AJISi CHHTE3a CEPOTOHUHA B
MO3T€ CHHMYKAETCSI, YTO MOXET OOBSCHUTH W3MEHEHHUS
B a(eKTHBHOW 1 KOTHUTUBHOH cdepax npu PAC, mo-
CKOJIEKY CHIDKEHHE YPOBHS TpUNTO(aHa B palHOHE,
MO-BUUMOMY, YXYAIIAET ayTUCTUYECKOE MOBEICHUE Y
B3pocibiX. Kpome Toro, aucOakTepro3 MOXKET Hampsi-
MYIO BIUSTH Ha JOCTYITHOCTh TpUNTO(aHA Uil X035-
WHA 33 CYET CHIDKEHUS MOCTYIUIEHUS] aMUHOKHCIIOT U3
nny [22]. OqHako KITHHUYECKHE T0Ka3aTeIbCTBA CBSI-
3 MEX]Iy THIEPCEPOTOHMHEMHUEH W ayTHCTHYECKUM
MOBeJIeHNEeM (CTepEOTUITHH, HApPYIIEHUS COLUAIBHOTO
B3aMMOJIEHCTBHSI) MTO-TIPEKHEMY ITPOTUBOPEUUBHI [23].
Hu noGaenenue tpuntodaHa B payoH, HU CEJICKTHUB-
HbIE HHTHOUTOPBI 00pPaTHOTO 3aXBaTa CEPOTOHMHA, 110~
BBIIIIAIONIIE YPOBEHb CEPOTOHMHA B MO3T€, JIJIs IETEH C
PAC He noka3anu cBOIO 3pPEKTUBHOCTb.

W3BecTHa CMOCOOHOCTH IIEJIOT0 psifia MHKPOOP-
TaHU3MOB HCIOIB30BaTh TpUNTO(DaH (TpEIIIeCTBEH-
HUK CEpOTOHMHA) B CHHTE3€ MHJI0JIA ISl COOCTBEHHBIX
HYX]I, TAKHM 00pa3oM psiJi OaKTepuii MOTYT OBITH KOH-
KypEeHTHBIMH 3aXBaTUMKaMH 3K30I'€HHOTO TpunTodaHa,
3CCEHIMAIBFHO HEOOXOANMOTO I CHHTE3a CEPOTOHH-
Ha B Mo3re [24].

[Ipu 3TOM HaKOTUIEHBI JaHHbBIE O TOM, YTO KHIIIEY-
Hasi MEKpOOHOTa 00J7aaeT CriocoOOHOCTRIO K CHHTE3Y
He TOJILKO CEpPOTOHMHA, HO U Psi/ia IPYTHX HEHPOTpaHC-
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MUTTEpPOB, THUIOTETHMYECKH BOBJICUEHHBIX B pPa3BU-
tue cumnTomoB PAC (modammHa, y-aMHHOMACISTHON
KHCIJIOTHI); Oojiee TOro, MOKa3aHO, YTO BIHMSIHUAE Ha
MHUKPOOHOTY CIOCOOCTBYET M3MEHEHHUIO YPOBHEH HEl-
poTrpancMutTepoB [25]. BONBIIMHCTBO HCCIETOBaHUI
MIPOBEICHBI B IKCIIEPUMEHTE Ha KUBOTHBIX, ITOITOMY
OYEBHHO, YTO TPEOYIOTCS XOPOLIO CIUIAHMPOBAHHBIE
KOTOPTHBIE MCCIIEIOBAHNS JaHHOTO BOIIPOCA C y4acTH-
eM Jirozieit. IMeroTcst OOIIMpPHBIE CBEJCHHS O CIIOMKHBIX
JIByCTOPOHHUX B3aUMOJEHCTBUSAX PA3IUYHBIX HEUPO-
MEIMaTOPHBIX CHUCTEM OpraHU3Ma-XO3sMHAa W KHIIey-
HOW MHUKPOOHOTHI, YTO MPEACTABISET YPE3BBIYAHHYIO
aKTyaJbHOCTh JJIS JANbHEWIIEro M3ydeHHs MpH ICH-
XUYECKUX paccTpoiicTBax, B ToM uncie mpu PAC [26].

Apyrue MmeTabonunTbl KULLEYHON MUKPOAOpPbI

Kumieunsie O6akrepu MpoayLUPYIOT TOKCHHBI
pasnuyHble MeTaOOJIHUTHI, KOTOPbIE MOTYT HPOHUKATh
yepe3 KHUIIEYHBIH M reMarodHuedanuueckuii Oapbe-
pHl U TakuM 00Opa3oM BIMATH Ha MO3T W TOBEICHHE
[27]. Bnarogapsi BEICOKOA(()EKTUBHBIM TEXHHKAM H3-
MEpEeHHS, HCIOJb3YIOMNUMCS B METa0OIOMHUKE, CTaJIO
BO3MOXKHBIM BBISIBIISITh W3MEHEHUS DPa3IM4YHBIX Me-
tabonutoB npu PAC nytéM aHanmu3a oOpas3ioB MOuYH,
CBIBOPOTKH U (exanuii [28, 29], B TOM UuCIie BEIIECTB
0OaKTepHaNbHOTO MPOMUCXOKIACHHS, KOTOpBIE, BEPOSAT-
HEe BCEro, CHHTEC3UPYIOTCS KUIICYHOW MUKPOOUOTOM.

Hetu ¢ PAC umeroT BbICOKHE YPOBHHU p-Kpe3oJia
U ero xo-metabonura p-kpe3uwicyibpara B dexanu-
ax u Moue [28, 29]. Otu (eHombHbBIC COSAMHEHUS BbI-
pabarbiBatoTcs OakTepusimu (Takumu, kak C. difficile,
Bifidobacterium), sxcnpeccupyrommMu  (PEPMEHTHI,
CroCOOHBIE CHHTE3upoBarh p-kpe3on [30]. Ecte nan-
HbI€ O TOM, YTO MOBBIIICHHBIN YpOBEHb p-Kpe3oja B
paHHEM OHTOTE€HE3€ aCCOIMMPOBAH C BBIPAKEHHOCTHIO
MOBEICHYECKUX CUMIITOMOB U KOTHUTHBHBIX Hapylle-
it npu PAC, a Taxke KMIICYHBIMA MHOEKIUSAMH H
I'NM-paccrpoiictBamu [29, 31].

Coo011anoch Takke 0 BBICOKOM YPOBHE KOPOTKO-
nenoveyHbIX ;KUpHbIX kKucJaoT (KIDKK) B dexanmsax
nereit ¢ PAC [27]. CornmacHO OTHETBHBIM HCCIIEOBA-
HusM, getu ¢ PAC umerot 6osee BRICOKHE YPOBHU MPO-
MMUOHOBOM KUCJIOThI U YKCYCHOM KUCIIOTBL, HO MEHBIIINE
ypoBHH MacisiHOUM KucioTs [27]. Ot KIKK sBstroT-
Csl KOHEYHBIMH MPOIYKTaMHu ()epMEHTAIUN HerepeBa-
PEHHBIX YIJIEBOJIOB.

IIponmonoBasi KucJjaoTa, NpoAyLupyemas ac-
cormuupoBanubiMu ¢ PAC Bumamu (Clostridium spp.,
Bacteroides spp. u Desulfovibrio), ucnonb3yercs Kak
KOHCEPBAHT B MUIIIEBON MPOMBINIUICHHOCTH [32] 1 Me-
€T HECKONbKO (DYHKIUH, TAaKMX KaK MOIYJIALUS CHH-
Te3a U BBICBOOOXKIEHUS HEWpoTpancMuTTepoB [33],
MPOTUBOBOCIIAIUTENBHBIN U aHTHOAKTEpUAIbHBIN (-
(EeKTBI, MOXKET MOIYIHPOBaTh MHUTOXOHIPUAIBHBIA H
JUMHUIHBIA 0OMEH, KpOMe TOT0, OBLIM MOMyUYeHBI AaH-
HBIE O CIOCOOHOCTH ATOM KUCIOTHI K STIUTCHETHYECKOM
MOIYJSIIMKA TE€HOB, acconuupoBaHHbIXx ¢ PAC [27].

REVIEWS

B skcniepuMeHTe 1MokazaHo, YTO MPOMHOHOBAs KHCIIO-
Ta MOXKET BBI3BIBATh AyTHCTHUKOIMOJO0HOE IMOBEIECHUE
Y TPBI3YHOB: NPU BBEJICHUU ITON KUCIOTHI WIH IPYTHUX
KIDKK B xeTymodku TOJIOBHOTO MO3Ta KPBIC JKUBOT-
HBIE JICMOHCTPUPOBAIN OHOIIOTHYECKUE, XUMHUECKUE
U TIATOJIOTUYECKHE M3MEHEHUs, XapaKTepHbIe IS ay-
tH3Ma [34].

B HenmaBHeM SKcepUMEHTE C HEWPOHAIbHBIMHU
CTBOJIOBBIMH KJIETKaM{ OBIJIO MOKa3aHO, YTO MPOIH-
OHOBasl KHCJIOTa SBJIAETCS MOIYJIATOPOM OJHOTO W3
BAXHEHIINX BHYTPHUKIIETOYHBIX IIyTEH, BOBJICYEHHBIX
B Npoiudepariio HelpoHaIbHONW TKaHU U HEHporeHes
Ha paHHux dranax pa3sutus (PTEN/AKT), Boi3biBaeT
IM03 U HelipoBocnanenue [35]. B ¢Bs3u ¢ 3THM aBTOPHI
MPE/IONAraioT, YTO KUIICUYHBIH AUCOM03 y OepeMeHHOM
MaTepu W U30BITOK B CBSI3U C 3TUM MPOITHOHOBOM KIIC-
JIOTBI MOXKET CITIOCOOCTBOBATh HAPYIIEHUSM Pa3BUTHS
IHHC y pebenka u TakuM 00pa3oM ObITh BOBICYEHHBIM
B nmaroreHe3 PAC.

MacasgHass KHCI0Ta MOAYIUPYET KHIISUHBIN
TPaHCIMUTENNAIBHBIN TPAHCIIOPT M WIPaeT pojib B
(OYyHKIIMOHUPOBAHUM  MHUTOXOHIIPHH,  CTUMYJIHPYS
OKHUCIIUTENbHOE (OCHOPIIMPOBAHHE M OKHCICHHE
KUPHBIX KUCIOT [36]. B Hacrosmmee Bpemst u3ydaercs
3¢ (dEeKTUBHOCTh COJICH MacisSHOW KHCJIOTHI IIPH Jicue-
HUW HEKOTOPBIX TICUXHIECKUX PACCTPONCTB, TAKUX KaK
nementus U nenpeccus [37, 38], a takke PAC [39].
B moznensx PAC Ha »XKMBOTHBIX MacisiHasi KUCJIOTa II0-
JIOKUTETHHO MOIYIMPYET JKCIPECCHI0 T€HOB, BIIHUS-
OIMUX HA CUHTE3 HEUPOTPAHCMUTTEPOB, WHTHOHPYS
JieareTusaa3y TUCTOHOB, U, B TPOTHBOITOJIOKHOCTD JIEH-
CTBHIO TPOIMOHOBOW KHCIIOTBI, MOXET CIOCOOCTBO-
BaTh PEAYKIMH MOBEACHUCCKUX HAPYIICHUHN y MBITICH
[40]. B skciepuMeHTe C HEHPOHAIBHBIMU CTBOJIOBBI-
MU KJIETKaMH TaK)kKe MOKa3aHO, YTO MacisHas KHCIO-
Ta BIMSET Ha Tponudepannuio HEHPOHATHLHON TKAHH
(cocoOCTBYeT YBETMUEHUIO YHCIIa HEHPOHOR), OTHAKO
MEXaHU3MBI OCTAIOTCS HEU3YUCHHBIMHU, ¥ aBTOPHI Clie-
JIaJIM 3aKITI0YEeHNE 0 HEOOXOIMMOCTH JaIbHEHIIIETO U3-
YYEHUS POIIN 3TON KUCIOTHI B 3THOIIATOTeHE3€e ayTH3Ma
(ocoOeHHO B TpeHATAIEHOM TIEPHOC OHTOTEeHEe3a) [35].

S. Rose u coaBT. BOCTIPOW3BETN MOJEIH MHTO-
XOHApHaIbHON auchyHKImy, Habmomxaemoit mpu PAC,
Ha 0COOBIX NUHUAX JTUM(OOTACTHRIX KJIETOK [39] u
MIPOAEMOHCTPUPOBAIIH, YTO MacisiHas KUCIOTa OKa3bl-
BaeT MOJOXHUTEIHHBIN 3((eKT Ha KIETKH KakK 310po-
BBIX JI€TEH, TaK W JIET€il C ayTU3MOM, HaXOJAIIHUECs B
YCIIOBHSIX (U3HOJIOTHIECKOTO cTpecca. HeoOxoamumer
JaJbHEUIINE WCCIECAOBAHMS in Vivo NIl OLEHKU II0-
TEHIIMAJTBLHOTO TEPANEBTUIECKOTO A (deKTa MaCITHOU
KHUCJIOTBI TP MHOTHX 3a00JICBAaHUSAX, CBS3aHHBIX C
nucyHKIIHeH MUTOXOHApHH, Takux kak PAC.

V neteit ¢ PAC Taxke HapyIeH MeTaboJIn3M CBO-
00IHBIX AMMHOKHUCJIOT, 00Pa3yIOMINXCS B pe3yibTaTe
ruaponm3a 6enkoB W mentuaoB [41]. [Ipu usydenun
MeromamMu Mmetabonomukn y nereit ¢ PAC nHabmrona-
JUCHh Pa3IMYHBIE OTKIOHEHWS JKCKpPEIUH psla aMu-
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OB30PbI

HOKHCJIOT (IIMLMHA, CEpUHa, TPEOHHMHA, AaJlaHWHA,
THCTUAMHA ¥ TIIyTaMUHA, a TakKe MpeIIIeCTBCHHUKA
CepoTOHMHA — TpunTodana u GparMeHTOB €ro Jerpa-
nanun) [41]. DTo MOXKET TOBOPUTH O TOM, UTO HapyIle-
HUSl aMHHOKHCJIOTHOTO OOMEHa MOTYT y4acTBOBAaTh B
MaToreHese ayTu3Ma.

[Tpu 5TOM yCTaHOBIIEHO, YTO KOHLIEHTPAIHS BCEX
AMHHOKHCJIOT U OTJEJBHBIX CBOOOTHBIX aMHUHOKHCIOT
B oOpasuax (eKajuii BeIIEC y ACTEH C ayTH3MOM, YeM
y 3JIOPOBBIX JIE€TEH U JETEH C IEPBA3UBHBIM PaCcCTPO-
CTBOM Da3BUTHs 0€3 JOTOIHUTEIBHBIX YTOYHEHUH, U
9TH JaHHBIE KOPPEIUPYIOT C PacHpOCTPaHEHHOCTHIO
NPOTEOTUTHYECKNX OaKTepHii y JeTell ¢ ayTU3MOM.
['mytamar, HanGonbIIMEe YPOBHU KOTOPOTO OOHAPYKU-
Barorcs y mroneit ¢ PAC, sBisieTcsi aMUHOKHUCIIOTOM,
neiictByromeit kak Heliporpancmutrep B LIHC; mpen-
MOJIOKUTENBHO, OH Y4acTBYyeT B JTHOIATOTCHE3E TaK
Ha3bIBaeMbIX TU30HTOreHeTHueckux Hapymenuit [{THC
(mapymenwmii pazButus [[HC) [42]. Takum oOpasom,
HapyleHns: oOMeHa aMHHOKHCIOT MOTYT OBITh elle
OIHAM MATOTEHETHUECKUM 3BEHOM, OIMOCPEIYIOIIIM
BJIMSIHUE KHUIIEYHOH MHKpPOOHMOTHI Ha Pa3BUTHE CHM-
ntomoB PAC.

B [OpOTHBOMONOKHOCTH HEraTHBHOMY  BITUS-
HUIO psja MeTaOOJUTOB MAaTOTCHHBIX OaKTepUi, KOM-
MEHCalbl U CHUMOHMOHTHI MOTYT aKTHBHO TpPOMYIIH-
poBaTh 3CCEHNMAJbHBIE I OpraHU3Ma-Xo3sruHa
BEIIECTBA, B YaCTHOCTH BHTAMHUHBI. Tak, TeHbI, y4a-
CTBYIOII[ME B CHHTE3€E ()0JIaTOB, OOHAPYKEHBI B TCHOME
6 TUTIOB, IPUCYTCTBYIOIINX B MHKPOOMOTE HEIOBEKa:
Actinobacteria, Bacteroidetes, Firmicutes, Proteo-
bacteria, Fusobacteria u Verrucomicrobia. Ilpu 3tom
Proteobacteria m B Meublueil crenenu Firmicutes,
Actinobacteria w Verrucomicrobia o0namarT CcIIO-
COOHOCTBIO CUHTE3UPOBaTh (oJiaThl de novo. OcTanib-
HBIC HCIONB3YIOT B Ka4eCTBE MPEANICCTBEHHUKA JIPY-
rod MeTaboJIMT — Tapa-aMHUHOOCH30MHYIO KHCIIOTY.
Lactobacillus reuteri — onun u3 Qomarnpomayuu-
pyIoIMX BHUIOB KuiiedyHoil mukpoOuots! [43]. Co-
[JJACHO HCCIIeAOoBaTelsiM, (oNarbl, MPOLyHHUpYyeMble
KHILIEYHOH MHKPOOHOTOH, 0ojiee OHOJOCTYIHBI, YeM
CHUHTETHYeCcKas (oreBasi KHCIOTA, T.K. HE HYX/IaloT-
¢ B TpaHchopManuu AUTHAPOGOJIATPEIyKTa30H U
IpyruMu GepMeHTaMu, GYHKIUS KOTOPBIX CHIDKEHA Y
HOCHTEJCH ONpeAcEHHBIX TeHETUYECKUX BAPHAHTOB.
CyIecTByIOT HEMHOTOUYHUCIIEHHBIE, HO BIOJHE YyOe-
JUTENbHBbIE NaHHBIE O TOM, YTO HapylIeHUs oOMeHa
($onaToB MOTYT UMETh OTHOLICHHE K STHOMATOTEHE3Y
PAC u ¢onarbl MOTYyT NPUMEHSATHCS B KauecTBE Me-
toga npodunaktuku PAC U KOppeKIuu CHMITOMOB
[44]. Tlpu sTOM wuCCIemOBaHUHN, KacalOUIUXCS POIH
MUKpOOHOTHI B cuHTe3e (onaroB npu PAC, B nmutepa-
Type He BCTpedaeTcs, MO3TOMY JaHHOE HalpaBieHUE
UCCIIEZIOBAHUI MOXET MPETEH/I0BATh HA BHICOKYIO Ha-
YUYHYIO HOBU3HY.

JpyruM scceHIMaNbHbIM OUOIOTUYECKH aKTHB-
HBIM BEIIECTBOM, KOTOPOE MOXKET OBITh CHHTE3HpPOBa-

HO KHIIEYHOW MHUKPOOUOTOHN (HEIaBHO OOHApYKEHO B
IKCIIEpUMEHTE C Actinobacteria, Bunamu Aldercreutzia
equolifaciens u Microbacterium schleiferi) [45] u poib
KOTOpOTO B Pa3BUTHH ayTH3Ma aKTUBHO H3ydaercs [46],
sBisieTcs Terparuapoouontepun (BH4) — ximoue-
BOH KoakTop CHHTE3a OOJIBIIOTO psia HEHpOTpaHC-
MUTTEPOB, B TOM umcjie AodaMuHA, CEPOTOHMHA U
HopanpeHanmaa. BH4 BcackiBaeTCs M3 KHINIEYHHUKA H
MIPOHUKAET Yepe3 TeMaToTKaHeBbie 6apbepsl. [Ipu aTom
WCCIIEIOBAHUI O BIMSIHUU HApYIICHUH MUKPOOUOTHI Y
narerToB ¢ PAC Ha ypoBens BH4 mnasmsl He oOHa-
PYXEHo.

OCb KMLIEYHNK—MO3I: MeXaHU3Mbl

Kumeunass MUKpoOHOTa M acCOLMHUPOBAHHBIE C
HEH MeTabOMUTHI UTPAIOT BAXKHYIO POJIb B (PU3UOIOTH-
YECKOU JBYCTOPOHHEMN CII0XKHOM CETU B3aUMOJICICTBUS
MEXKIY MO3TOM U KUIIEYHUKOM [47] 32 cUéT HEPBHBIX,
SHJIOKPUHHBIX, HEHPOUMMYHHBIX M METa0OINYEeCKHX
(mpoayKIHsT MUKPOOHBIX TOKCHHOB) MEXaHHU3MOB, KO-
TOpBIE YYacTBYIOT B mHepeaade curnanos mexay LIHC
U KHIIEYHUKOM, 4YTO, IO-BUAMMOMY, BOBJIEUEHO B
3THOMNATOTE€HE3 IICUXOHEBPOJIIOTHYECKUX PACCTPOMCTB,
Brurouas aytusMm u PAC [8, 26]. JlanHas ceTs B3auMo-
JEHCTBUS B MOCHeAHee BpeMsi mpuobpena B HaydHOU
JIUTEpaType crnenuduyecKkoe Ha3BaHHE «OCh KHIIIEY-
HUK—MO3» [48] 1 3aBo€BbIBaeT BCE OOJbIliee BHUMA-
HUE HCCleI0BaTeNel, HECMOTPS Ha TO YTO MEXAHHU3MBI,
MOCPEACTBOM KOTOPBIX OHA PEATU3yeTcs, OCTAOTCs
runoretudeckumu [49]. BnusHusa, omnocpenoBaHHBIC
3TOH OCBIO, HE SBISIOTCS OJHOHAIPABICHHBIMH, a
MPEACTABISIOT OO0 HENpPEpHIBHYIO JBYCTOPOHHIOKO
cs3b: LUHC crocoOHa n3MeHATh cOCTaB MHKPOOHOTHI
Y MEHSATH MPOHUIAEMOCTh KHUILIEUHUKA, MOIYJINPOBATh
MOTOPUKY M CEKpeIHIO Yepe3 aKTHUBALMI0 OCH THIIO-
TajxaMmyc—TUNo(U3—HaANOYEYHHKH, BETETaTHBHYIO U
HEHPOIHIOKPUHHYIO CHCTEMBI C HENOCPEICTBEHHBIM
Bo37clicTBUEM Ha Mukpodiopy kumeunuka [50]. Cpe-
JT1 HEKOTOPBIX MEANATOPOB 3TOM 0CH HanboJiee U3y4eH-
HBIMH OCTAlOTCSI Ba30aKTUBHBIM KHIIEYHBIH MENTHI,
CEepOTOHUH, MENATOHHH, Y-aMHHOMAacisHasi KHCJIOTa,
KaTeXxoJaMUHBI, THCTaMUH W alleTUIIX0IuH [26], onHa-
KO OCHOBHBIE MMAaTOTEHETHYECKHUE M (PU3HOIOTHUECKUE
MeXaHU3MBbI JaHHBIX CBSA3eH 70 KOHIIa HE BBISICHEHBI.

O0001mas uMeromuecs AaHHBIE, MOXKHO BBIJC-
JIUTH HECKOJIBKO OCHOBHBIX TUITOTETHYECKHX MEXaHU3-
MOB, OCYIIECTBIISIOIUX PA0OTy OCH MO3T—KHUIIICUHHK:

1. M3MeHEHHBI MHUKPOOHBI COCTaB KHIICYHH-
Ka MOKET BBI3BIBATh HapyLICHUE KUIIEYHOTO Oapbepa,
BIIUATH Ha MPOHUIIAEMOCTh KHUIIIEYHOTO drUTenus [12,
51], 4T0 MOKET MPUBECTHU K TPAHCIOKAIIMH OaKTepuil 1
WX aHTUTEHOB, TOKCHHOB U META0OJIUTOB.

2. Kunieunslii MEKpOOHOM UTpaeT Ba)KHYIO POJIb
B CO3PEBAaHWU MMMYHHOU CHUCTEMBbI XO35IMHA, MOMYJIH-
pys BPOXKAEHHYIO M TPUOOPETEHHYI0O UMMYHHYIO CH-
CTeMy, OCOOCHHO pPEryNsTOpHbIe T-KIEeTKH, KOTOpBHIE
npenoTBpamarmT Bocmanenue [52]. ducbakrepuos
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y nereit ¢ PAC mpuBoAWT K aKTUBAllMM UIMMYHHOU CH-
CTEMBI U BBIOPOCY BOCHAIUTEIbHBIX IIATOKMHOB, KOTO-
prie perynupytot paboty LIHC uepes cucremy Ommyxaa-
rolero Hepsa u Apyrue nyTu [12]. [Ipu atom Bompoc
Kay3aJbHOCTH (YTO TMEPBUYHO: AUCOMO3 WM Hapylle-
HUSI HMMYHHUTETa) OCTa&Tcs OTKPBITHIM U TpebyeT ca-
MOTO TIIATENLHOTO u3yueHus [53].

3. Mukpo6uoTa KUIIEYHHKa MOXKET OTIpPaBIAThH
cur"ansl B [IHC uepes sHTepanbHyI0 HEPBHYIO CUCTE-
My win 4yepe3 ad(epeHTHbIE BOJOKHA ONYXKIAIOIIETro
HepBa KaK HETMOCPEACTBEHHO, TaK M Yepe3 BBICBOOO-
JKIACHHE HEeWpOTpPaHCMUTTEPOB B KPOBOTOK [22, 26].
Beenenue Lactobacillus rhamnosus mplliaMm cTUMY-
JMPOBAIO Yepe3 ONyKIalolfii HEPB TPAHCKPHIILIUIO
penenTopoB y-amuHOMacsHOM kuciaoTel B IITHC, BEI-
3bIBas MOBEJICHYECKHUE M TCHXOJIIOTHUYECKUE PEaKIHy,
U 9TOT 3QQeKT mpekpamaics nocie Baroromud. He-
CKOJIKO BHJIOB OakTepHil MOTYT OTHPABIISATH CUTHABI
B IIHC uepe3 Omyxxnaromuii Heps [12, 22]. [Ipu me-
penade CUTHAJIOB CBEPXY BHH3 BEreTaTHBHAS HEpPBHAs
CHCTEMa U OCh TUIOTalaMyC—THUIO(QHU3—HaIIOUEeUHUKH
BIIMSIIOT HA MUKPOOHOTY KUILIEYHHUKA, BEPOSTHO, 33 CUET
M3MEHEHHSI XUMUYECKOTO COCTaBa CeKpeToB [26, 53].

4. Hakoner, kuiie4Hasi MUKpOOHOTa MPOTyIUPY-
et Metabonuthl, Takue kak KIDKK, nunononucaxapu,
(eHONbHBIE COENWHEHUSI U CBOOOIHBIE aMHHOKHCIIO-
TBI, KOTOPBIE, BEPOSITHO, HTPAIOT BKHYIO crieruduyie-
cKyto posb B maroreHe3e PAC, kak HEMOCpPEACTBEHHO
BozaeicTBys Ha mutienu B LIHC [12], Tak u myTém ak-
TUBAIlMM UMMYHHOHW CHUCTEMBI U TPOBOCHATUTEIBHBIX
coiictB [10]. Kpome Toro, mpu KUIIEYHOM JHCOHO3E
MOXET OBITh HApyIIEH CHHTE3 BEIIECTB, HTPAIOIIMX
NPOTEKTHUBHYIO POJIb B OTHOIICHHU Pa3BUTHS ayTH3Ma
(BUTaMUHOB, KO(AKTOPOB CHHTE3a HEHPOMEAHATOPOB
U CaMUX HEHpOMEIUaTopOB).

3aKnuyeHune

Takum 00pa3om, K HACTOSILEMY BPEMEHU HIMEETCsI
OO0JIBIIOE KOTMYECTBO PE3yAbTATOB HCCICAOBAHUMN, KaK
3KCHEPHUMEHTANbHBIX, TAaK U KIMHUYECKUX, TIOATBEPK-
JIAIOIIMX TUIOTE3y O BO3MOXKHOM BIMSHUU KUIIEYHOH
MUKpoOnoTH Ha ¢yHKuuoHnposanue LIHC u, B yacrt-
HOCTH, Y4acTHs AucOHO03a KUIICYHUKA B STHOMATOTe-
Heze PAC, a Taxke pacKpbIBarOIIUX MOJIEKYJSIPHbIE
MEXaHHU3MBI 3TOTO BIMsIHUS. HecMoTpst Ha To 4TO O0IB-
LIIMHCTBO CBEICHUN HMMEET NPEABAPUTEIbHBIA Xapak-
Tep, B LEJIOM K HACTOSIIEMY BpEeMEHH (OpPMHUPYETCS
KapTUHA NPUOIN3UTENLHOTO OHUMAaHUS OCH KHILey-
HUK—MO3T KaK CJIO0XXHOW MHOTOKOMIIOHEHTHOW CHUCTE-
MBI B3auMHoro BiausHus LTHC n MukpoOHOTH Kuiey-
HUKa, TPeOyIoIlel TIaTelbHOTO MOCIEAYIOIEro 13y-
YeHUs, 0COOEHHO C MO3HMLIMHU ATHOJIOTHU M MaToreHe3a
PAC. 3HaHne MONEKyIspHBIX MEXaHU3MOB pealnu3aluu
KuieyHoro aucouosa B marorenese PAC mo3BoiuT B
JanbHeleM pa3pabaTeiBaTh TepaeBTUYECKUE U MTPO-
(unakTHUECKUe TOAXOAB! K JCUCHUIO JaHHOW TPYIIIIbI
MICUXUYECKUX PACCTPOUCTB.

10.

11.

12.

13.

14.

REVIEWS

CIINCOK UCTOUYHHUKOB

. Navarro F., Liu Y., Rhoads J.M. Can probiotics benefit children

with autism spectrum disorders? World J. Gastroenterol. 2016;
22(46): 10093-1102.
https://doi.org/10.3748/wjg.v22.i146.10093

. Vuong H.E., Hsiao E.Y. Emerging roles for the gut microbio-

me in autism spectrum disorder. Biol. Psychiatry. 2017; 81(5):
411-23. https://doi.org/10.1016/j.biopsych.2016.08.024

. Walker S.J., Fortunato J., Gonzalez L.G., Krigsman A. Identifi-

cation of unique gene expression profile in children with regres-
sive autism spectrum disorder (ASD) and ileocolitis. PLoS One.
2013; 8(3): e58058.
https://doi.org/10.1371/journal.pone.0058058

. De Magistris L., Familiari V., Pascotto A., Sapone A., Frolli A.,

Iardino P., et al. Alterations of the intestinal barrier in patients
with autism spectrum disorders and in their first-degree rela-
tives. J. Pediatr. Gastroenterol. Nutr. 2010; 51(4): 418-24.
https://doi.org/10.1097/MPG.0b013e3181dcc4as

. Kushak R.I., Buie T.M., Murray K.F., Newburg D.S., Chen C.,

Nestoridi E., et al. Evaluation of intestinal function in children
with autism and gastrointestinal symptoms. J. Pediatr. Gastro-
enterol. Nutr. 2016; 62(5): 687-91.
https://doi.org/10.1097/mpg.0000000000001174

. Hsiao E.Y., McBride S.W., Hsien S., Sharon G., Hyde E.R., Mc-

Cue T., et al. Microbiota modulate behavioral and physiologi-
cal abnormalities associated with neurodevelopment disorders.
Cell. 2013; 155(7): 1451-63.
https://doi.org/10.1016/j.cell.2013.11.024

. Ashwood P., Anthony A., Torrente F., Wakefield A.J. Sponta-

neous mucosal lymphocyte cytokine profiles in children with
autism and gastrointestinal symptoms: Mucosal immune acti-
vation and reduced counter regulatory interleukin-10. J. Clin.
Immunol. 2004; 24(6): 664-73.
https://doi.org/10.1007/s10875-004-6241-6

. Ashwood P., Wakefield A.J. Immune activation of peripheral

blood and mucosal CD3+ lymphocyte cytokine profiles in chil-
dren with autism and gastrointestinal symptoms. J. Neuroimmu-
nol. 2006; 173(1-2): 126-34.
https://doi.org/10.1016/j.jneuroim.2005.12.007

. LiQ.,Han Y., Dy A.B.C., Hagerman R. The gut microbiota and

autism spectrum disorders. Front. Cell. Neurosci. 2017; 11: 120.
https://doi.org/10.3389/fncel.2017.00120

Ashwood P., Krakowiak P., Hertz-Picciotto I., Hansen R., Pes-
sah 1., Van de Water J. Elevated plasma cytokines in autism
spectrum disorders provide evidence of immune dysfunction
and are associated with impaired behavioral outcome. Brain
Behav. Immun. 2011; 25(1): 40-5.
https://doi.org/10.1016/j.bbi.2010.08.003

Onore C., Careaga M., Ashwood P. The role of immune dys-
function in the pathophysiology of autism. Brain Behav. Immun.
2012; 26(3): 383392. https://doi.org/10.1016/j.bbi.2011.08.007
Doenyas C. Gut microbiota, inflammation, and probiotics on
neural development in autism spectrum disorder. Neuroscience.
2018; 374: 271-86.
https://doi.org/10.1016/j.neuroscience.2018.01.060

Haba R., Shintani N., Onaka Y., Wang H., Takenaga R., Haya-
taA., et al. Lipopolysaccharide affects exploratory behaviors to-
ward novel objects by impairing cognition and/or motivation in
mice: Possible role of activation of the central amygdala. Behav.
Brain Res. 2012; 228(2): 423-31.
https://doi.org/10.1016/j.bbr.2011.12.027

Pan W, Yu C., Hsuchou H., Kastin A.J. The role of cerebral
vascular NFkB in LPS-induced inflammation: differential re-
gulation of efflux transporter and transporting cytokine recep-
tors. Cell. Physiol. Biochem. 2010; 25(6): 623-30.
https://doi.org/10.1159/000315081

. Emanuele E., Orsi P.,, Boso M., Broglia D., Brondino N., Bara-

le F., et al. Low-grade endotoxemia in patients with severe au-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMUONOTMU N UMMYHOBUOJIOTUI. 2021; 98(2)
DOI: https://doi.org/10.36233/0372-9311-83

227

OB30PbI

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

tism. Neurosci. Lett. 2010; 471(3): 162-5.
https://doi.org/10.1016/j.neulet.2010.01.033

Marler S., Ferguson B.J., Lee E.B., Peters B., Williams K.C.,
McDonnell E., et al. Brief report: Whole blood serotonin le-
vels and gastrointestinal symptoms in autism spectrum disorder.
J. Autism Dev. Disord. 2016; 46(3): 1124-30.
https://doi.org/10.1016/j.neuroscience.2015.11.010

Israelyan N., Margolis K.G. Serotonin as a link between the
gut-brain-microbiome axis in autism spectrum disorders. Phar-
macol. Res. 2018; 132: 1-6.
https://doi.org/10.1016/j.phrs.2018.03.020

Mulder E.J., Anderson G.M., Kemperman R.F., Oosterloo-Du-
inkerken A., Minderaa R.B., Kema L.P. Urinary excretion of
5-hydroxyindoleacetic acid, serotonin and 6-sulphatoxymela-
tonin in normoserotonemic and hyperserotonemic autistic indi-
viduals. Neuropsychobiolog. 2010; 61(1): 27-32.
https://doi.org/10.1159/000258640

Golubeva A.V., Joyce S.A., Moloney G., Burokas A., Sher-
win E., Arboleya S., et al. Microbiota-related changes in
bile acid & tryptophan metabolism are associated with gas-
trointestinal dysfunction in a mouse model of autism. EBio-
Medicine 2017; 24: 166-78. https://doi.org/10.1016/j.ebi-
om.2017.09.020

Chugani D.C., Muzik O., Behen M., Rothermel R., Janisse J.J.,
Lee J., et al. Developmental changes in brain serotonin synthe-
sis capacity in autistic and nonautistic children. Ann. Neurol.
1999; 45(3): 287-95.
https://doi.org/10.1002/1531-8249(199903)45:3<287::aid-
ana3>3.0.co0;2-9

De Theije C.G., Wu J., da Silva S.L., Kamphuis P.J., Garssen J.,
Korte S.M. Pathways underlying the gut-to-brain connection in
autism spectrum disorders as future targets for disease manage-
ment. Eur. J. Pharmacol. 2011; 668(Suppl. 1): S70-80.
https://doi.org/10.1016/j.ejphar.2011.07.013

Kraneveld A.D., Szklany K., de Theije C.G., Garssen J. Gut-
to-brain axis in autism spectrum disorders: Central role for the
microbiome. Int. Rev. Neurobiol. 2016; 131: 263-87.
https://doi.org/10.1016/bs.irn.2016.09.001

Muller C.L., Anacker A.M.J., Veenstra-VanderWeele J. The se-
rotonin system in autism spectrum disorder: From biomarker to
animal models. Neuroscience. 2016; 321: 24-41.
https://doi.org/10.1016/j.neuroscience.2015.11.010

Li G., Young K.D. Indole production by the tryptophanase TnaA
in Escherichia coli is determined by the amount of exogenous
tryptophan. Microbiology. 2013; 159(Pt. 2): 402—10.
https://doi.org/10.1099/mic.0.064139-0

Strandwitz P. Neurotransmitter modulation by the gut mi-
crobiota. Brain Res. 2018; 1693(Pt. B): 128-33. https://doi.
org/10.1016/j.brainres.2018.03.015

Oneckun A.B., Onb-Perucran I'U., lllennepo b.A. Mexmu-
KpOOHBIC XUMUYECKUE B3aUMOACICTBHUS U NATIOT MUKPOOHOTa—
XO3SIMH: pOJIb HelipoMenuatopoB. Mukpobduonozus. 2016; 85(1):
3-25. https://doi.org/10.7868/S0026365616010080

MacFabe D.F. Enteric short-chain fatty acids: Microbial mes-
sengers of metabolism, mitochondria, and mind: Implications in
autism spectrum disorders. Microb. Ecol. Health Dis. 2015; 26:
28177. https://doi.org/10.3402/mehd.v26.28177

Wang L., Christophersen C.T., Sorich M.J., Gerber J.P., Ang-
ley M.T., Conlon M.A. Elevated fecal short chain fatty acid and
ammonia concentrations in children with autism spectrum dis-
order. Dig. Dis. Sci. 2012; 57(8): 2096—102.
https://doi.org/10.1007/s10620-012-2167-7

Persico A.M., Napolioni V. Urinary p-cresol in autism spectrum
disorder. Neurotoxicol. Tertol. 2013; 36: 82-90.
https://doi.org/10.1016/j.ntt.2012.09.002

Nicholson J.K., Holmes E., Kinross J., Burcelin R., Gibson G.,
Jia W, et al. Host-gut microbiota metabolic interactions. Sci-
ence. 2012; 336(6086): 1262-7.
https://doi.org/10.1126/science.1223813

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

. Gabriele S., Sacco R., Cerullo S., Neri C., Urbani A., Tripi G.,
et al. Urinary p-cresol is elevated in young French children with
autism spectrum disorder: A replication study. Biomarkers.
2014; 19(6): 463-70.
https://doi.org/10.3109/1354750X.2014.936911

Yang Y., Tian J., Yang B. Targeting gut microbiome: A novel
and potential therapy for autism. Life Sci. 2018; 194: 111-9.
https://doi.org/10.1016/.1fs.2017.12.027

DeCastro M., Nankova B.B., Shah P., Patel P., Mally P.V., Mish-
ra R., et al. Short chain fatty acids regulate tyrosine hydroxylase
gene expression through a cAMP-dependent signaling pathway.
Brain Res. Mol. Brain Res. 2005; 142(1): 28-38.
https://doi.org/10.1016/j.molbrainres.2005.09.002

Thomas R.H., Meeking M.M., Mepham J.R., Tichenoff L., Pos-
smayer F., Liu S., et al. The enteric bacterial metabolite propio-
nic acid alters brain and plasma phospholipid molecular spe-
cies: Further development of a rodent model of autism spectrum
disorders. J. Neuroinflammation. 2012; 9: 153.
https://doi.org/10.1186/1742-2094-9-153

Abdelli L.S., Samsam A., Naser S.A. Propionic acid induces
gliosis and neuro-inflammation through modulation of PTEN/
AKT pathway in autism spectrum disorder. Sci. Rep. 2019; 9(1):
8824. https://doi.org/10.1038/s41598-019-45348-z

Hong J., Jia Y., Pan S., Jia L., Li H., Han Z., et al. Butyrate
alleviates high fat diet-induced obesity through activation of
adiponectin-mediated pathway and stimulation of mitochondri-
al function in the skeletal muscle of mice. Oncotarget. 2016;
7(35): 56071-82. https://doi.org/10.18632/oncotarget. 11267
Govindarajan N., Agis-Balboa R.C., Walter J., Sananbenesi F.,
Fischer A. Sodium butyrate improves memory function in an
Alzheimer’s disease mouse model when administered at an ad-
vanced stage of disease progression. J. Alzheimers Dis. 2011;
26(1): 187-97. https://doi.org/10.3233/JAD-2011-110080

Sun J., Wang F., Hong G., Pang M., Xu H., Li H., et al. Antide-
pressant-like effects of sodium butyrate and its possible mech-
anisms of action in mice exposed to chronic unpredictable mild
stress. Neurosci. Lett. 2016; 618: 159-66.
https://doi.org/10.1016/j.neulet.2016.03.003

Rose S., Bennuri S.C., Davis J.E., Wynne R., Slattery J.C., Tippett
M., et al. Butyrate enhances mitochondrial function during oxida-
tive stress in cell lines from boys with autism. Transl. Psychiatry.
2018; 8(1): 42. https://doi.org/10.1038/s41398-017-0089-z
Kratsman N., Getselter D., Elliott E. Sodium butyrate attenuates
social behavior deficits and modifies the transcription of inhib-
itory/excitatory genes in the frontal cortex of an autism model.
Neuropharmacology. 2016; 102: 136-45.
https://doi.org/10.1016/j.neuropharm.2015.11.003

Ming X., Stein T.P., Barnes V., Rhodes N., Guo L. Metabol-
ic perturbance in autism spectrum disorders: A metabolomics
study. J. Proteome Res. 2012; 11(12): 5856—62.
https://doi.org/10.1021/pr300910n

Shimmura C., Suda S., Tsuchiya K.J., Hashimoto K., Ohno K.,
Matsuzaki H., et al. Alteration of plasma glutamate and glu-
tamine levels in children with high-functioning autism. PLoS
One. 2011; 6(10): €25340.
https://doi.org/10.1371/journal.pone.0025340

Engevik M.A., Morra C.N., Roth D., Engevik K., Spinler J.K.,
Devaraj S., et al. Microbial metabolic capacity for intestinal fo-
late production and modulation of host folate receptors. Front.
Microbiol. 2019; 10: 2305.
https://doi.org/10.3389/fmicb.2019.02305

Sun C., Zou M., Zhao D., Xia W., Wu L. Efficacy of folic acid
supplementation in autistic children participating in structured
teaching: an open-label trial. Nutrients. 2016; 8(6): 337.
https://doi.org/10.3390/nu8060337

Belik J., Shifrin Y., Arning E., Bottiglieri T., Pan J., Daigne-
ault M.C., et al. Intestinal microbiota as a tetrahydrobiopterin
exogenous source in hph-1 mice. Sci. Rep. 2017; 7: 39854.
https://doi.org/10.1038/srep39854


https://doi.org/10.7868/S0026365616010080

228 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2021; 98(2)
DOI: https://doi.org/10.36233/0372-9311-83

REVIEWS

46. Frye R.E., Huffman L.C., Elliott G.R. Tetrahydrobiopterin as 9. LiQ.,Han Y., Dy A.B.C., Hagerman R. The gut microbiota and

47.

48.

49.

50.

51.

52.

53.

a novel therapeutic intervention for autism. Neurotherapeutics.
2010; 7(3): 241-9. https://doi.org/10.1016/j.nurt.2010.05.004
Rhee S.H., Pothoulakis C., Mayer E.A. Principles and clinical
implications of the brain-gut-enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009; 6(5): 306—14.
https://doi.org/10.1038/nrgastro.2009.35

Mayer E.A., Padua D., Tillisch K. Altered brain-gut axis in
autism: Comorbidity or causative mechanisms? Bioessays.
2014; 36: 933-9. https://doi.org/10.1002/bies.201400075
Mangiola F., Ianiro G., Franceschi F., Fagiuoli S., Gasbarri-
ni G., Gasbarrini A. Gut microbiota in autism and mood disor-
ders. World J. Gastroenterol. 2016; 22(1): 361-8.
https://doi.org/10.3748/wjg.v22.i11.361

Oneckun A.B., lennepoB b.A., Porosckuit B.C. Coyuans-
HOCMb MUKDOOP2AHUZMO8 U B3AUMOOMHOWEHUS 8 CUcmeme
MUKPOOUOMA—X03AUH. pOoNb Helipomeduamopos. M.; 2019.
Onore C., Careaga M., Ashwood P. The role of immune dys-
function in the pathophysiology of autism. Brain Behav. Immun.
2012; 26(3): 383-92.

https://doi.org/10.1016/j.bbi.2011.08.007

Hughes H.K., Rose D., Ashwood P. The gut microbiota and
dysbiosis in autism spectrum disorders. Curr. Neurol. Neurosci.
Rep. 2018; 18(11): 81.
https://doi.org/10.1007/s11910-018-0887-6

Umbrello G., Esposito S. Microbiota and neurologic diseases:
Potential effects of probiotics. J. Transl. Med. 2016; 14(1): 298.
https://doi.org/10.1186/s12967-016-1058-7

REFERENCES

. Navarro F., Liu Y., Rhoads J.M. Can probiotics benefit children

with autism spectrum disorders? World J. Gastroenterol. 2016;
22(46): 10093-1102.
https://doi.org/10.3748/wjg.v22.i146.10093

. Vuong H.E., Hsiao E.Y. Emerging roles for the gut microbi-

ome in autism spectrum disorder. Biol. Psychiatry. 2017; 81(5):
411-23. https://doi.org/10.1016/j.biopsych.2016.08.024

. Walker S.J., Fortunato J., Gonzalez L.G., Krigsman A. Identifi-

cation of unique gene expression profile in children with regres-
sive autism spectrum disorder (ASD) and ileocolitis. PLoS One.
2013; 8(3): e58058.
https://doi.org/10.1371/journal.pone.0058058

. De Magistris L., Familiari V., Pascotto A., Sapone A., Frolli A.,

Iardino P., et al. Alterations of the intestinal barrier in patients
with autism spectrum disorders and in their first-degree rela-
tives. J. Pediatr. Gastroenterol. Nutr. 2010; 51(4): 418-24.
https://doi.org/10.1097/MPG.0b013e3181dcc4as

. Kushak R.I., Buie T.M., Murray K.F., Newburg D.S., Chen C.,

Nestoridi E., et al. Evaluation of intestinal function in children
with autism and gastrointestinal symptoms. J. Pediatr. Gastro-
enterol. Nutr. 2016; 62(5): 687-91.
https://doi.org/10.1097/mpg.0000000000001174

. Hsiao E.Y., McBride S.W., Hsien S., Sharon G., Hyde E.R., Mc-

Cue T., et al. Microbiota modulate behavioral and physiologi-
cal abnormalities associated with neurodevelopment disorders.
Cell. 2013; 155(7): 1451-63.
https://doi.org/10.1016/j.cell.2013.11.024

. Ashwood P., Anthony A., Torrente F., Wakefield A.J. Sponta-

neous mucosal lymphocyte cytokine profiles in children with
autism and gastrointestinal symptoms: Mucosal immune acti-
vation and reduced counter regulatory interleukin-10. J. Clin.
Immunol. 2004; 24(6): 664—73.
https://doi.org/10.1007/s10875-004-6241-6

. Ashwood P., Wakefield A.J. Immune activation of peripheral

blood and mucosal CD3+ lymphocyte cytokine profiles in chil-
dren with autism and gastrointestinal symptoms. J. Neuroimmu-
nol. 2006; 173(1-2): 126-34.
https://doi.org/10.1016/j.jneuroim.2005.12.007

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

autism spectrum disorders. Front. Cell. Neurosci. 2017; 11: 120.
https://doi.org/10.3389/fncel.2017.00120

. Ashwood P., Krakowiak P., Hertz-Picciotto 1., Hansen R., Pes-

sah 1., Van de Water J. Elevated plasma cytokines in autism
spectrum disorders provide evidence of immune dysfunction
and are associated with impaired behavioral outcome. Brain
Behav. Immun. 2011; 25(1): 40-5.
https://doi.org/10.1016/j.bbi.2010.08.003

Onore C., Careaga M., Ashwood P. The role of immune dys-
function in the pathophysiology of autism. Brain Behav. Immun.
2012; 26(3): 383392. https://doi.org/10.1016/j.bbi.2011.08.007
Doenyas C. Gut microbiota, inflammation, and probiotics on
neural development in autism spectrum disorder. Neuroscience.
2018; 374: 271-86.
https://doi.org/10.1016/j.neuroscience.2018.01.060

Haba R., Shintani N., Onaka Y., Wang H., Takenaga R., Haya-
taA., etal. Lipopolysaccharide affects exploratory behaviors to-
ward novel objects by impairing cognition and/or motivation in
mice: Possible role of activation of the central amygdala. Behav.
Brain Res. 2012; 228(2): 423-31.
https://doi.org/10.1016/j.bbr.2011.12.027

Pan W.,, Yu C., Hsuchou H., Kastin A.J. The role of cerebral
vascular NFxB in LPS-induced inflammation: differential regu-
lation of efflux transporter and transporting cytokine receptors.
Cell. Physiol. Biochem. 2010; 25(6): 623-30.
https://doi.org/10.1159/000315081

Emanuele E., Orsi P., Boso M., Broglia D., Brondino N., Bara-
le F., et al. Low-grade endotoxemia in patients with severe au-
tism. Neurosci. Lett. 2010; 471(3): 162-5.
https://doi.org/10.1016/j.neulet.2010.01.033

. Marler S., Ferguson B.J., Lee E.B., Peters B., Williams K.C.,

McDonnell E., et al. Brief report: Whole blood serotonin le-
vels and gastrointestinal symptoms in autism spectrum disorder.
J. Autism Dev. Disord. 2016; 46(3): 1124-30.
https://doi.org/10.1016/j.neuroscience.2015.11.010

Israelyan N., Margolis K.G. Serotonin as a link between the
gut-brain-microbiome axis in autism spectrum disorders. Phar-
macol. Res. 2018; 132: 1-6.
https://doi.org/10.1016/j.phrs.2018.03.020

Mulder E.J., Anderson G.M., Kemperman R.F., Oosterloo-Du-
inkerken A., Minderaa R.B., Kema I.P. Urinary excretion of
5-hydroxyindoleacetic acid, serotonin and 6-sulphatoxymela-
tonin in normoserotonemic and hyperserotonemic autistic indi-
viduals. Neuropsychobiolog. 2010; 61(1): 27-32.
https://doi.org/10.1159/000258640

Golubeva A.V., Joyce S.A., Moloney G., Burokas A., Sher-
win E., Arboleya S., et al. Microbiota-related changes in bile
acid & tryptophan metabolism are associated with gastrointes-
tinal dysfunction in a mouse model of autism. EBioMedicine
2017; 24: 166-78.
https://doi.org/10.1016/j.ebiom.2017.09.020

Chugani D.C., Muzik O., Behen M., Rothermel R., Janisse J.J.,
Lee J., et al. Developmental changes in brain serotonin synthe-
sis capacity in autistic and nonautistic children. Ann. Neurol.
1999; 45(3): 287-95.
https://doi.org/10.1002/1531-8249(199903)45:3<287::aid-
ana3>3.0.co;2-9

De Theije C.G., Wu J., da Silva S.L., Kamphuis P.J., Garssen J.,
Korte S.M. Pathways underlying the gut-to-brain connection in
autism spectrum disorders as future targets for disease manage-
ment. Eur. J. Pharmacol. 2011; 668(Suppl. 1): S70-80.
https://doi.org/10.1016/j.ejphar.2011.07.013

Kraneveld A.D., Szklany K., de Theije C.G., Garssen J. Gut-
to-brain axis in autism spectrum disorders: Central role for the
microbiome. Int. Rev. Neurobiol. 2016; 131: 263-87.
https://doi.org/10.1016/bs.irn.2016.09.001

Muller C.L., Anacker A.M.J., Veenstra-VanderWeele J. The se-
rotonin system in autism spectrum disorder: From biomarker to


https://doi.org/10.1186/s12967-016-1058-7

KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMUONOTMU N UMMYHOBUOJIOTUI. 2021; 98(2)
DOI: https://doi.org/10.36233/0372-9311-83

229

OB30PbI

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

animal models. Neuroscience. 2016; 321: 24-41.
https://doi.org/10.1016/j.neuroscience.2015.11.010

Li G., Young K.D. Indole production by the tryptophanase TnaA
in Escherichia coli is determined by the amount of exogenous
tryptophan. Microbiology. 2013; 159(Pt. 2): 402-10.
https://doi.org/10.1099/mic.0.064139-0

Strandwitz P. Neurotransmitter modulation by the gut micro-
biota. Brain Res. 2018; 1693(Pt. B): 128-33.
https://doi.org/10.1016/j.brainres.2018.03.015

Oleskin A.V., El'-Registan G.I., Shenderov B.A. Role of neuro-
mediators in the functioning of the human microbiota: "business
talks" among microorganisms and the microbiota-host dialogue.
Mikrobiologiya. 2016; 85(1): 3-25.
https://doi.org/10.7868/S0026365616010080 (in Russian)
MacFabe D.F. Enteric short-chain fatty acids: Microbial mes-
sengers of metabolism, mitochondria, and mind: Implications in
autism spectrum disorders. Microb. Ecol. Health Dis. 2015; 26:
28177. https://doi.org/10.3402/mehd.v26.28177

Wang L., Christophersen C.T., Sorich M.J., Gerber J.P., Ang-
ley M.T., Conlon M.A. Elevated fecal short chain fatty acid and
ammonia concentrations in children with autism spectrum dis-
order. Dig. Dis. Sci. 2012; 57(8): 2096-102.
https://doi.org/10.1007/s10620-012-2167-7

Persico A.M., Napolioni V. Urinary p-cresol in autism spectrum
disorder. Neurotoxicol. Tertol. 2013; 36: 82-90.
https://doi.org/10.1016/j.ntt.2012.09.002

Nicholson J.K., Holmes E., Kinross J., Burcelin R., Gibson G.,
Jia W., et al. Host-gut microbiota metabolic interactions. Sci-
ence. 2012; 336(6086): 1262-7.
https://doi.org/10.1126/science.1223813

Gabriele S., Sacco R., Cerullo S., Neri C., Urbani A., Tripi G.,
et al. Urinary p-cresol is elevated in young French children with
autism spectrum disorder: A replication study. Biomarkers.
2014; 19(6): 463-70.
https://doi.org/10.3109/1354750X.2014.936911

Yang Y., Tian J., Yang B. Targeting gut microbiome: A novel
and potential therapy for autism. Life Sci. 2018; 194: 111-9.
https://doi.org/10.1016/j.1£s.2017.12.027

DeCastro M., Nankova B.B., Shah P., Patel P., Mally P.V., Mish-
ra R., et al. Short chain fatty acids regulate tyrosine hydroxylase
gene expression through a cAMP-dependent signaling pathway.
Brain Res. Mol. Brain Res. 2005; 142(1): 28-38.
https://doi.org/10.1016/j.molbrainres.2005.09.002

Thomas R.H., Meeking M.M., Mepham J.R., Tichenoff L., Pos-
smayer F., Liu S., et al. The enteric bacterial metabolite propio-
nic acid alters brain and plasma phospholipid molecular spe-
cies: Further development of a rodent model of autism spectrum
disorders. J. Neuroinflammation. 2012; 9: 153.
https://doi.org/10.1186/1742-2094-9-153

Abdelli L.S., Samsam A., Naser S.A. Propionic acid induces
gliosis and neuro-inflammation through modulation of PTEN/
AKT pathway in autism spectrum disorder. Sci. Rep. 2019; 9(1):
8824. https://doi.org/10.1038/s41598-019-45348-z

Hong J., Jia Y., Pan S., Jia L., Li H., Han Z., et al. Butyrate
alleviates high fat diet-induced obesity through activation of
adiponectin-mediated pathway and stimulation of mitochondri-
al function in the skeletal muscle of mice. Oncotarget. 2016;
7(35): 56071-82.

https://doi.org/10.18632/oncotarget. 11267

Govindarajan N., Agis-Balboa R.C., Walter J., Sananbenesi F.,
Fischer A. Sodium butyrate improves memory function in an
Alzheimer’s disease mouse model when administered at an ad-
vanced stage of disease progression. J. Alzheimers Dis. 2011,
26(1): 187-97. https://doi.org/10.3233/JAD-2011-110080

Sun J., Wang F., Hong G., Pang M., Xu H., Li H., et al. Antide-
pressant-like effects of sodium butyrate and its possible mech-

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

anisms of action in mice exposed to chronic unpredictable mild
stress. Neurosci. Lett. 2016; 618: 159-66.
https://doi.org/10.1016/j.neulet.2016.03.003

Rose S., Bennuri S.C., Davis J.E., Wynne R., Slattery J.C., Tip-
pett M., et al. Butyrate enhances mitochondrial function during
oxidative stress in cell lines from boys with autism. 7ransi. Psy-
chiatry. 2018; 8(1): 42.
https://doi.org/10.1038/s41398-017-0089-z

Kratsman N., Getselter D., Elliott E. Sodium butyrate attenuates
social behavior deficits and modifies the transcription of inhib-
itory/excitatory genes in the frontal cortex of an autism model.
Neuropharmacology. 2016; 102: 136-45.
https://doi.org/10.1016/j.neuropharm.2015.11.003

Ming X., Stein T.P., Barnes V., Rhodes N., Guo L. Metabol-
ic perturbance in autism spectrum disorders: A metabolomics
study. J. Proteome Res. 2012; 11(12): 5856—62.
https://doi.org/10.1021/pr300910n

Shimmura C., Suda S., Tsuchiya K.J., Hashimoto K., Ohno K.,
Matsuzaki H., et al. Alteration of plasma glutamate and glu-
tamine levels in children with high-functioning autism. PLoS
One. 2011; 6(10): e25340.
https://doi.org/10.1371/journal.pone.0025340

Engevik M.A., Morra C.N., Réth D., Engevik K., Spinler J.K.,
Devaraj S., et al. Microbial metabolic capacity for intestinal fo-
late production and modulation of host folate receptors. Front.
Microbiol. 2019; 10: 2305.
https://doi.org/10.3389/fmicb.2019.02305

Sun C., Zou M., Zhao D., Xia W., Wu L. Efficacy of folic acid
supplementation in autistic children participating in structured
teaching: an open-label trial. Nutrients. 2016; 8(6): 337.
https://doi.org/10.3390/nu8060337

Belik J., Shifrin Y., Arning E., Bottiglieri T., Pan J., Daigne-
ault M.C., et al. Intestinal microbiota as a tetrahydrobiopterin
exogenous source in hph-1 mice. Sci. Rep. 2017; 7: 39854.
https://doi.org/10.1038/srep39854

Frye R.E., Huffman L.C., Elliott G.R. Tetrahydrobiopterin as
a novel therapeutic intervention for autism. Neurotherapeutics.
2010; 7(3): 241-9.

https://doi.org/10.1016/j.nurt.2010.05.004

Rhee S.H., Pothoulakis C., Mayer E.A. Principles and clinical
implications of the brain-gut-enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009; 6(5): 306—14.
https://doi.org/10.1038/nrgastro.2009.35

Mayer E.A., Padua D., Tillisch K. Altered brain-gut axis in au-
tism: Comorbidity or causative mechanisms? Bioessays. 2014;
36: 933-9. https://doi.org/10.1002/bies.201400075

Mangiola F., Ianiro G., Franceschi F., Fagiuoli S., Gasbarri-
ni G., Gasbarrini A. Gut microbiota in autism and mood disor-
ders. World J. Gastroenterol. 2016; 22(1): 361-8.
https://doi.org/10.3748/wjg.v22.i1.361

Oleskin A.V., Shenderov B.A., Rogovskiy V.S. Sociality of Mi-
croorganisms and Relationships in the Microbiota—Host Sys-
tem: The Role of Neurotransmitters [Sotsial'nost' mikroorganiz-
mov i vzaimootnosheniya v sisteme mikrobiota—khozyain: rol'
neyromediatorov]. Moscow; 2019. (in Russian)

Onore C., Careaga M., Ashwood P. The role of immune dys-
function in the pathophysiology of autism. Brain Behav. Immun.
2012;26(3): 383-92.

https://doi.org/10.1016/j.bbi.2011.08.007

Hughes H.K., Rose D., Ashwood P. The gut microbiota and
dysbiosis in autism spectrum disorders. Curr. Neurol. Neurosci.
Rep. 2018; 18(11): 81.
https://doi.org/10.1007/s11910-018-0887-6

Umbrello G., Esposito S. Microbiota and neurologic diseases:
Potential effects of probiotics. J. Transl. Med. 2016; 14(1): 298.
https://doi.org/10.1186/s12967-016-1058-7


https://doi.org/10.1186/s12967-016-1058-7

230

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2021; 98(2)

DOI: https://doi.org/10.36233/0372-9311-83

UHpopmayusi 06 asmopax

bnazoHpasosa AHHa CepeeegHa — [.M.H., A0L,., MPOPEKTOP MO Hay4-
Hou paboTe, Npod. kad. aNnnaemMmonornm, MMKpobuonorum n gokasa-
TenbHon meguumHbl MAMY, HuxHuin Hoeropog, Poccus, https://orcid.
org/0000-0002-1467-049X

)Kunseea TambsiHa BnadumupogHa — K.M.H., Aol. kad. ncuxvartpum
MMY, HwxHuin Hoeropoa, Poccus, https://orcid.org/0000-0001-
6155-1007

KeawHuHa [apbs BanepbesHa™ — K.M.H., CTapLumii npenogasaTtenb
kad. anuaemMuonorun, MuKkpobuonormM u aokasatenbHONW Meau-
umHbl MUAMY, HwkHuin Hoeropoa, Poccus, daria_tsariova@mail.ru,
https://orcid.org/0000-0001-9317-4816

Yyacmue aemopoe. Bce aBTOpbl BHECNN CYLLECTBEHHbIN BKNaz B

npoBeAeHNE MOUCKOBO-aHaNMTUYeCcKon paboTbl U MOArOTOBKY CTa-

TbW, NPOYNM 1 0Jo6punKn uHanbHY BEPCUo 4O I'Iy6J'IVIKaL|,VIVI.
Cratbs noctynuna B pegakumio 09.07.2020;

npuHsiTa k nyénukauum 06.10.2020;
ony6nukoBaHa 25.02.2021.

REVIEWS

Information about the authors

Anna S. Blagonravova — D. Sci. (Med.), Assoc. Prof., Vice-rector
for research, prof., Department of epidemiology, microbiology and
evidence-based medicine, Privolzhsky Research Medical University,
Nizhny Novgorod, Russia, https://orcid.org/0000-0002-1467-049X

Tatyana V. Zhilyaeva — PhD. (Med.), Assoc. Prof., Department
of psychiatry, Privolzhsky Research Medical University, Nizhny
Novgorod, Russia, https://orcid.org/0000-0001-6155-1007

Darya V. Kvashnina® — PhD. (Med.), senior lecturer, Department
of epidemiology, microbiology and evidence-based medicine, Privol-
zhsky Research Medical University, Nizhny Novgorod, Russia, daria_
tsariova@mail.ru, https://orcid.org/0000-0001-9317-481

Author contribution. All authors made a substantial contribution
to the conception of the work, acquisition, analysis, interpretation of
data for the work, drafting and revising the work, final approval of the
version to be published.

The article was submitted 09.07.2020;

accepted for publication 06.10.2020;
published 25.02.2021.


https://orcid.org/0000-0001-9317-481

