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Beeoenue: MukpoOuoTa *KemyJOoYHO-KHIIEYHOTO TPaKTa XapaKTEPU3YeTCsl IUPOKUM
CIIEKTPOM CEKPETOPHOH akTHUBHOCTH. [Ipm pasBUTHH BOCHANNTENBHBIX 3a00JI€BaHUIA
MPOUCXOAT KaUeCTBEHHbIC MOAU(HUKAIINE MUKPOOUOMA, YTO B 3HAYUTENBLHOW CTEIICHN
OTpa)kaeTcs Ha KOMIIOHEHTHOM COCTaBe JIeTydero Mmeradoiaoma. OyHKIMOHATbHAS Me-
TabOJIOMHUKA CTIOCOOCTBYET OIIEHKE JMHAMUYECKOTO COCTOSIHUS MUKPOOHUOTHI B HOPME U
MaTOJIOTUH, UCTIONB3YS Il (POPMUPOBAHHUST KOMITJIEKCHOTO OMMCAHUS COCTOSHHS MUK-
POOHOTHI TaHHBIE METATEHOMHOTO M METa00JIOMHOTO aHanu3a. Eciu 11st onleHku meta-
TCHOMa HCIIOJIB3YIOT CTAaHAAPTHBIE METOIbl CEKBEHUPOBAHUS, TO AJISI UCCIICIOBAHUS Jie-
Ty4ero CHekTpa MeTadojoMa paccMaTpUBAIOT Pas3IMYHbe METOAWYECKHE MOAXOoAbl. B
JTAaHHOM paboTe IS OIICHKH JIETYy4Yero CleKTpa MeTabOJIMTOB MHKPOOHOTHI HCIIOIb30BaH
meton ['X/MC ¢ mapodazHsiM crioco00M SKCTPAKIHH. J[J1s1 OTIEHKH AHHAMAYECKOTO CO-
CTOSIHUSI MUKPOOHOTHI IPOBEACHBI SKCIIEPUMEHTHI 110 ()OPMHUPOBAHHIO KOJIUTA Y KHUBOT-
HBIX (KPBICH/MBIIIN) C TOCIEAYIOUIel Tepamnueil BOCIajeHusl TIOCPEACTBOM BE3UKYI
Bacteroides fragilis (JIM), o6nagarommx IMMYHOMOIYTUPYIOIIMME CBOMCTBAMH.

Memoowt u areopummer. s opMUPOBaHUS OCTPOTO KOJIUTA U MTOCIECIYIOLICH OLCHKE
CIEKTpa JIeTyuero MetaboioMa Ha CTaJIHsIX OCTPOrO KOJUTA M CTaJIMU CaMOIIPOU3BOIIb-
HOM PEKOHBAJICCIICHIIMK MCIIOIb30BaIM Kpbic-camok juHun Wistar u3 [TuromHuka na-
6oparopubix kuBOTHEIX ([Tymmiro PAH, MockoBckas o0macts) B Bozpacte 2 mec. (200—
2301). X KuBoTHbIE OBLTH CITydalHBIM 00pa30M Pa3/IeIeHbI Ha TP IPYIIbEI; KOHTPOJIbHAS
rpymmna (Kortpons) (N = 5); rpynmna onbITHAs, MOMy4yaBmias AEKCTpaH CynbdaT HaTpus
B TeueHue 7 AHeH, ¢ nocnenyomei spranazueit (JJCH7) (n = 5); rpynna, nomay4asias
JIEKCTpaH Cyib(arT HaTpHusi C MOCIEXYIOUIMM HexenbHbIM BoccTaHoBinenue 0e3 JJCH
(JHC14) (n = 5). HccnenoBanue TepaneBTUYECKON dS(QGEKTUBHOCTH BE3UKYI
Bacteroides fragilis (JIM) mocpencTBOM KOMITIEKCHOTO META00JIOMHOTO W METAr€HOM-
HOTO aHaJU3a B MOJEIIM OCTPOrO KOJIUTA Y )KMBOTHBIX IPOBOAMIOCH Ha MBILIAX JIMHUN
C57BL/6, Bo3pactom 7-8 Henenb. Mpllin OBUIM pa3JiefieHHbIE HA TPH TPYIIIBI:
k(n =10), ACH(n = 10), ICH+B(n = 10). DxciepuMeHT BKJItoYal B ceOs J1Ba IIUKIA
Bocnianenue/pemuccusi, Kaxasii no 10 gueit. I'pynna JICH+B ¢ 11 no 20 nau noyyana
BE3WKYJIbl KOHIEHTpauued 1 mr/kr. Maccy Tena, KOHCHCTEHLHMIO CTyla W HaJM4ue
KpPOBH B CTYJIE PETUCTPUPOBAIN KaXIble 3 AHA. | MCTOIOTHYECKYIO MPOOOIIOATOTOBKY
MIPOBOJIVITH COTJIACHO METOJTy, OTIMCAaHHOMY B myOnukanusx [1]. Kinuaudeckue nposis-
JIEHHsI BOCTIAJICHUS OLIEHUBAJIM C ITOMOILBIO WHEKCA aKTUBHOCTH 3aboseBanus (MA3).
Ananmu3 metabosroma mpoBoawian B obpasmax cryma metomoMm ['X-MC ma mpubope
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Shimadzu QP2010 Ultra ¢ mapodasueim 3xcTpakropom Shimadzu HS-20 [2]. lanubie
I'XMC  oOpabaTbiBaii €  HCHOJNB30BAaHMEM  IPOrPaMMHOTO  OOecreueHHs
MetaboAnalyst 5.0 (http://www.metaboanalyst.ca) u GraphPad Prism 8.0.1. CexBenu-
posanue rera 16S pPHK mis rpyri sxcriepuMeHTaIbHBIX MBIIIEH OBUTIO BRITIOTHEHO Ha
mwiarpopme MinlON™, CraTucTHYECKOE CpaBHEHHE TPYIII MPOBOJAUIOCH C HCIIONIB30-
BaHHEM HETIAPaMETPHUECKOT0 KpuTeprsi MaHHa—YWUTHHU U TIONIPaBKH Ha MHOXECTBEH-
Hoe cpaBHeHHEe FDR. PacueTsr nmpoBoauianchk Ha s3bIKe porpammupoBanus Python, ¢
noMompl0 Mopaynel stats (OuOmmorexa scipy) u  stats.multitest (OmOnmoTeka
statsmodels). [Toctpoenne rpauKoB OCYIIECTBISUIOCH C TOMOIIBI0 OMOIHOTEK seaborn
u matplotlib.

Pe3ynvsmamur: cornacHo Mody4eHHBIM AaHHBIM 00mmni 6ann MA3 Bkiovan cCHUKEHUE
Macchl Tena, KOHCUCTEHIUIO CTyJla U peKTalbHoe kpoBoTedueHue. [lokazatens A3 B
KOHTPOJIGHOM Tpymnme y Kpbic ocTaBaics Omm3kuM K (0 Ha MPOTSHKEHHH BCEX
dKCIIEpUMEHTATBHBIX mporeayp. UA3 B rpymmax kpeic, momydaBmux JACH (JICH7 u
JCH14), Obi1 3HAYMTENBFHO BBHINIE MO CPAaBHEHUIO C KOHTPOJIBHOW TPYNIOH H
yBeNUUMBAICSA Ha 3-U neHb. MakCUMambHBIM 0a, pacCUUTaHHBIA B TpyNIax KpbIC,
nmomydaBmmx JICH (JACH7 w HCHI14), O6pu1 monydeH Ha 7-i 1eHb, Kornma Oblia
JoCTUrHYyTa ocTpas (a3za Bocrnanenus. [loTepro Beca KUBOTHBIX, THAPEIO U BUIAUMYIO
KpOBb B CTyle HaOmojganu Ha 7-H geHp B oOeux rpynmax. [lo gaHHBIM
THUCTONIATOJIOTMYECKOTO HCCIIEIOBAHUSA, TOJCTAasi KHINKAa KOHTPOJIBHBIX >KHBOTHBIX
MMea HETTOBPEXJACHHYIO CIM3UCTYI0 00O0JOYKY, TOT/a KaK B TOJCTON KHIIKE, TPYII
kpeic ICH7 u JICH14, nabmiomanack BOCHAJHMTENbHAs KICTOYHAS WHQUIbTpAIHS,
WCTOHYCHHE CIM3UCTOH W TIOJCIM3HUCTON O0O0NOYKH M 3po3us smmrenus. Kak u
oxupanocb, 3HaueHuss HWA3 cumsmiuce B rpymme JICHI4 mocne mnpekpaiieHus
Beeaenns JICH ma 8-14 nenn. Bbula SBHO OTMedeHa CIIOCOOHOCTh KHIICYHHMKA K
BOCCTaHOBJICHUIO Ha 14-e cyTKW, Korja HaOnojanach HOpMalIM3alus KOHCUCTECHIINN
CTynTa W  BOCCTAaHOBIIEHHE Beca JKHBOTHBIX. OIpeneneHHoe  yiIydIlleHue
THCTOJIOTMYECKOH KapTHHBI Habmroaanocs B rpymnme JJCH14, B koTopoli yBenTH4HNBAIOCH
KOJINYECTBO KPUNT ¥ OOKAIIOBHIHBIX KJIETOK, & CTPYKTYpa CIM3UCTONH 000JI0UKH Oblia
6onee nuddepeHIMPOBAHHON, OJHAKO MUHUMAIbHASI BOCIIAIUTENbHAST MHPUIBTPALIUS
coxpansuiack. CornacHo momydeHHbIM ['X/MC naHHBIM W3MEHEHHS MeTa0OJIOMHOTO
npoduiIs MOXHO ObUIO HAOJIOJATh YK€ Ha TpeTuil neHb nocie Beeaenus JICH. Ilpu
3TOM OCHOBHBIE CUMIITOMBI KOJIUTA Y KPBIC, TAKHE KaK Juapes U KPOBb B CTYIIE, 32 3TOT
MepHo BpeMEeHH elle He Obuth 0OHapyxeHbl. OcTpas (aza KoJuTa y KphIC JOCTUTaIa
nuka Ha 7-e¢ cyTku nociue BeeaeHus JJCH u xapakTepu3oBaiach H3MEHEHUSIMH CTYJIA.
Pazniunst B MeTab0I0MHOM MTpodHIIe TAKKE PETHCTPUPOBATNCH Ha 7-i 1eHb. OCHOBHBIC
W3MEHEHUS KOCHYJUCh TaKWX COCJUHEHM, KaK YKCyCHas KHUCIIOTa, IPOIIaHOBAas
KHCIIOTa, TIPOTIAHOBasi KHUCJIOTa-2-METWI-, OyTaHOBas KHUCIIOTA, TeKCAaHOBas KHCJIOTA.
Hecmotps Ha ynydieHne rucToNOrnYecKod KapTHHBI MOCHEe MPEeKpaIieHns BBEIECHUS
JACH, naOnronanach TEHIEHLIHMs K NporpeccupoBaHuio u3MeHeHuil npoduis JIOC.
MeTtabosloMHBIE W3MEHEHUS TPOJOIDKAN yBennduBaThcs K 14 maio. [lpowmsommmm
3HAYHUTENIbHbIE U3MEHEHUS] B METabOJIOMHOM Mpoduie JUIs TaKuX COCTUHEHHUH, Kak
YKCYCHast KHCJIOTa, OyTaHOBasi KUCIIOTa, IEHTAHOBAsI KUCIIOTA, PONIAHOBAst KUCJIOTA, 2-
METHI-TIPOTIAHOBAsT KHCIIOTA, TEKCAHOBAsl KHCIIOTA, 3apEeTUCTPUPOBAHHAs B TPYIIIE
DSS14. H3meHeHHS OTHOCHUTEIIBHOTO KOJIMYECTBA METaOOIUTOB, TaKUX Kak
OCH30JIIPOIIaHOBas KUCIIOTA U MHI0JI, ObUIM OTMEYEHbI Ha 11-i JeHb.

Bo BTOpOoM sKCHepHMeHTE TpenBapUTeNbHO OBUIM BBIJIENCHBI Be3ukyn Bacteroides
fragilis, koTopeie xapakTepuszoBanuch ¢ nomoipio [I9M. [lonydeHHBIE BE3HKYIIBI
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WCIIONIB30BANIN IS JIeueHusl Mbliel nocie Boszneicteus JJCH. Beem TpeM rpynmam Ha
10-e u 20-e CyTKM SKCHEpUMEHTa MPOBOJMIOCH THUCTOJIOTHYECKOE HCCIEeOBaHUE
TKaHell KumeyHuka. 1o JaHHBIM THCTOJIOTHYECKOIO HCCIIENOBAHUS B KOHTPOJIBHON
rpymie He HaOIroamiuch u3MeHeHwsI, Toraa kak B rpymnmne JICH ctpykrypa ciamsuctoit
JUCTAIIBHBIX OTZAEJIOB COJEpkKajla MPOTSHKEHHBIE OYard BOCHIAIUTENBHOTO MOPaKEHNUS.
B rpymme ICH + B nHabmogamack MeHbINas IIIomiaab MOPaKEHHUsS, a TOBPEXKISHUS
HOCWJIM OYaroBbIH XapakTep M MMEJIM 3HAUYUTEIbHO MEHBIIYIO IPOIOLKUTEIBHOCTD.
UA3 rpynn ICH u ICH+B Oblin 3HaUUTENHHO BBIIE, YeM Y KOHTPOJIBHOM TPYIIIIBL,
O/HaKo B xoje Tepanuu Besukyiaamu MA3 B rpynne JICH+B 3HaunTensHO cHU3MICH,
o cpasaenuto ¢ rpynmnoit JICH. Cpenn naeaTnduimpoBaHHBIX B X0/1€ META0OJIOMHOTO
UCCIIEI0OBAHNUS COeTUHEHHM ObLITH 0OHAPY KEHBI )KUPHBIE KHCIOTHI C KOPOTKOH, CpeiHe
Y AJIMHHOU LENbIO U MPOU3BOHBIE aMUHOKHCIOT. Ha 10-i1 nens skcnepuMeHTa Mexay
rpymmamu JICH n JICH+B He 0b110 00HapyKeHO CyIecTBeHHBIX paznndmid. Ha 20-i
JI€Hb, COOTBETCTBYIOIMI OKOHYaHUIO 00Pa0OTKU BE3UKYIaMHU, MOKHO ObLIO BBIACIUTD
TpH OTAeNbHbIe Tpynmnbl. KoHTponpHas Tpynna 3HAYUTENBHO OTJIMYAlach OT TPYIIT
JCH u JICH+B mo meraboiomHoMy criekTpy. Ilpu jeueHHn BEe3WKylnaMu B TPYIIE
JICH+B MoxHO ObUTO HAOMIOAATh TEHICHIIMIO K BOCCTAHOBJICHHUIO OOIIEro MpO(uis
MeTa6OJII/ITOB K KOHTPOJIbHBIM 3HAYCHUAM. Anann3z M3MEHYHUBOCTH MI/IKp06I/IOMa B
obOpasmax cryna Ha 10H JeHbP OKCHEpUMEHTa MPOJCMOHCTPHPOBAI CHIDKEHHE
YHCIIEHHOCTH OTJISNBHBIX BHJIOB OAKTEpHUl IO CPAaBHEHHUIO C KOHTPOJbHOH Tpymmoid. K
20-my ngHIO HaOmOJANach 3HAYUTENbHAs pasHuma wMexay rpynmamu JICH wm
KOHTpOJ'H:HOI\/'I prnHOﬁ Ipu 3TOM OTHOCHUTCJIbHAd YUCJICHHOCTb HM3YYCHHBIX POJ0OB
Oaxrepuit B rpymme JJCH+B k gBaamaroMy AHIO HaONIOMEHUS JAOCTHIIA HCXOIHBIX
3HAYCHHUU, ONIPENETIECHHBIX B KOHTPOJIbHOU rpynne. KoppensuoHHbIN aHaau3 NO3BOJIUI
yCTaHOBUThH, 4YTO YyBenmueHHe Saccharibacteria u Acetivibrio MOJOKHUTEIBHO
KOppeIrpoBajo ¢ (GEeHOJIOM U MEeHTaHOBOW KHCIOTOH, a B rpymnne JJCH npeobnananue
Lactococcus u Romboutsia oTpumarenbHO KOPPETUPOBAIO C (PEHOIOM U IEHTaHOBOM
KHUCJIOTOM.

Bu1600bi: B MOAGTBHBIX SKCIIEPUMEHTAaX BUAHO, 4TO CUMOM03 BYyX MeToauK (I'X/MC u
METareHOMHOT'0 CEKBEHHPOBAHMI) MO3BOJIIET HEMHBA3MBHO OTCJIEKHBATH BCE 3TAIIbI
BOCTIAJICHUSI M TPOLECCHl BOCCTAHOBJICHHUS SIUTENMS KUIICYHHKA Y MOAONBITHBIX
KUBOTHBIX. TakuM 00pa3oM JaHHBbIE (YHKIUOHAILHOH META0O0JIOMHKH MOTYT OBITh
WCTIOJIb30BaHbI Ul KOHTPOJISL aKTUBHOCTHU BOCHaieHus y manueHTos ¢ B3K.

Functional metabolomics of inflammatory bowel diseases
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Motivation and Aim: The microbiota is characterized by a wide range of secretory
activities. Qualitative modifications of the microbiome occur during inflammatory
diseases, which is largely reflected in the composition of the volatile metabolome.
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Functional metabolomics contributes to the assessment of the dynamic state of the
microbiota in health and disease, using data from metagenomic and metabolomic
analysis to form a comprehensive description of the state of the microbiota. If standard
sequencing methods are used to assess the meta-genome, then various methodological
approaches are considered to study the volatile spectrum of the metabolome. In this
research, the GC-MS with a headspace extraction method was used to assess the volatile
spectrum of microbiota metabolites. To assess the dynamic state of the microbiota,
experiments were conducted on the formation of DSS-induced colitis in animals
(rat/mice), followed by inflammation treatment by Bacteroides fragilis (JIM) vesicles,
which are known to have a immunomodulatory properties.

Methods and Algorithms: For the formation of acute colitis and subsequent assessment
of the spectrum of volatile metabolome at the stages of acute colitis and the stage of
spontaneous convalescence, female Wistar rats from the Laboratory Animal Nursery
(Pushchino RAS, Moscow region) at the age of 2 months were used. (200-230 g).
Animals were randomly divided into three groups: control group (Control) (n = 5);
experimental group, receiving dextran sodium sulfate for 7 days, followed by euthanasia
(DSS7) (n = 5); group receiving dextran sodium sulfate followed by a week of recovery
without DSS (DSS 14) (n = 5). Study of the therapeutic efficacy of Bacteroides fragilis
(JIM) vesicles through comprehensive metabolomic and metagenomic analysis in an
animal model of acute colitis was carried out on C57BL/6 mice, 7-8 weeks old. The
mice were divided into three groups: k(n = 10), DSS (h = 10), DSS+V(n = 10). The
experiment included two inflammation/remission cycles, each lasting 10 days. The
DSS+V group received vesicles with a concentration of 1 mg/kg from days 11-20. Body
weight, stool consistency, and presence of blood in stool were recorded every 3 days.
Histological sample preparation was carried out according to the method described in
publication [1]. Clinical manifestations of inflammation were assessed using the disease
activity index (DAI). Metabolome analysis was carried out in stool samples using
GC/MS on a Shimadzu QP2010 Ultra device with a Shimadzu HS-20 headspace
extractor [2]. GC/MS data were processed using MetaboAnalyst 5.0
(http://www.metaboanalyst.ca) and GraphPad Prism 8.0.1 software. 16S rRNA gene
sequencing for groups of experimental mice was performed on the MinlON™ platform.
Statistical comparison of groups was carried out using the non-parametric Mann-
Whitney test and correction for multiple comparisons FDR. Calculations were carried
out in the Python programming language, using the stats (scipy library) and
stats.multitest (statsmodels library) modules. The plotting was carried out using the
seaborn and matplotlib libraries.

Results: Based on the findings, the total DAI score included weight loss, stool con-
sistency, and rectal bleeding. The DAI index in the control group of rats remained close
to 0 throughout all experimental procedures. DAL in the groups of rats treated with DSS
(DSS7 and DSS14) was significantly higher compared to the control group and increased
on the 3rd day. The maximum score calculated in the groups of rats treated with DSS
(DSS7 and DSS14) was obtained on day 7, when the acute phase of inflammation was
reached. Animal weight loss, diarrhea and visible blood in the stool were observed on
day 7 in both groups. According to histopathological examination, the colon of control
animals had an intact mucosa, while in the colon of groups of DSS7 and DSS14 rats,
inflammatory cell infiltration, thinning of the mucosa and submucosa and erosion of the
epithelium were observed. As expected, DAI values decreased in the DSS14 group after
stopping DSS administration on days 8-14. The ability of the intestines to recover was
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clearly noted on the 14th day, when normalization of stool consistency and restoration
of animal weight were observed. A certain improvement in the histological picture was
observed in the DSS14 group, in which the number of crypts and goblet cells increased,
and the structure of the mucous membrane was more differentiated, but minimal inflam-
matory infiltration remained. According to the GC/MS data obtained, changes in the
metabolomic profile could be observed already on the third day after DSS administra-
tion. However, the main symptoms of colitis in rats, such as diarrhea and blood in the
stool, have not yet been detected during this period of time. The acute phase of colitis in
rats reached its peak on the 7th day after DSS administration and was characterized by
changes in stool. Differences in the metabolomic profile were also recorded at day 7.
The main changes affected compounds such as acetic acid, propanoic acid, propanoic
acid-2-methyl-, butanoic acid, hexanoic acid. Despite improvement in histology after
discontinuation of DSS administration, there was a trend toward progressive changes in
the VOC profile. Metabolomic changes continued to increase by day 14. There were
significant changes in the metabolomic profile for compounds such as acetic acid, buta-
noic acid, pentanoic acid, propanoic acid, 2-methyl-propanoic acid, hexanoic acid, re-
ported in the DSS14 group. Changes in the relative amounts of metabolites such as ben-
zenepropanoic acid and indole were noted at day 11.

In the second experiment, Bacteroides fragilis vesicles were previously isolated and
characterized by TEM. The resulting vesicles were used to treat mice after exposure to
DSS. All three groups underwent a histological examination of intestinal tissue on the
10th and 20th days of the experiment. According to histological examination, no changes
were observed in the control group, whereas in the DSS group, the structure of the distal
mucosa contained extensive foci of inflammatory lesions. In the DSS+V group, a smaller
area of damage was observed, and the damage was focal in nature and had a significantly
shorter duration. The DAI of the DSS and DSS+V groups was significantly higher than
that of the control group, but during vesicle therapy, the DALI in the DSS+V group de-
creased significantly compared to the DSS group. The compounds identified in the
metabolomics study included short-, medium- and long-chain fatty acids and amino acid
derivatives. On the 10th day of the experiment, no significant differences were found
between the DSS and DSS+V groups. At day 20, corresponding to the end of vesicle
treatment, three distinct groups could be distinguished. The control group differed sig-
nificantly from the DSS and DSS+V groups in terms of the metabolomic spectrum.
When treated with vesicles in the DSS+V group, a tendency could be observed to restore
the overall metabolite profile to control values. Analysis of microbiome variability in
stool samples on day 10 of the experiment demonstrated a decrease in the abundance of
certain bacterial species compared to the control group. By the 20th day, a significant
difference was observed between the DSS groups and the control group, while the rela-
tive abundance of the studied bacterial genera in the DSS+V group reached the initial
values determined in the control group by the twentieth day of observation. Correlation
analysis revealed that the increase in Saccharibacteria and Acetivibrio was positively
correlated with phenol and pentanoic acid, and in the DSS group, the predominance of
Lactococcus and Romboutsia was negatively correlated with phenol and pentanoic acid.
Conclusions: model experiments show that the symbiosis of two techniques (GC/MS
and metagenomic sequencing) allows non-invasive monitoring of all stages of inflam-
mation and restoration processes of the intestinal epithelium in experimental animals.
Thus, functional metabolomics data can be used to monitor inflammatory activity in pa-
tients with IBD.
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