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Momusayua u yenb. MeTaOOJOMHBIA MOAXOA HAXOIUT LIMPOKOE NPUMEHEHUE B
M3yYCHUU IaTOTeHE3a PA3IMYHbIX 3a00JIeBaHUN, MMOCKOJIBKY IIO3BOJSIET C BBICOKOH
TOYHOCTBIO OLICHMBATh XapakTep H3MEHEHHUs MeTaboiu3Ma IpH HX Pa3BUTHH H
BBISIBIISITh TIOTEHIIMAIbHBIE OMOMapKepbl. BaskHBIM 00BEKTOM B TaKHUX UCCICOBAHUSIX
SBISIFOTCS.  JKMBOTHBIE — OKCIIEPUMEHTAJbHbIE MOZETM 3a00JIeBaHUH 4YEJIOBEKa,
MO3BOJIAIONINE TMOJYy4aTh 3HAHUS, HEOOXOMUMBIE Uil pPa3pabOTKU METOIOB HX
JTUAarHOCTHKH, TPO(UITAKTUKH | JiedeHus. Bozpact — ocHOBHOI akTop prcka bone3Hu
Anprreiivepa (BA), koTopast CTAHOBUTCS OCHOBHOW MPUYHHOMN CEHIIIFHOW IEMEHITHH.
O PexTHBHBIX CcHOCO00B TpodmiIakTuku u JiedeHuss BA Her, 4To 00yCIIOBIEHO
HETIOJIHOTOM 3HaHuil maTtoreHesa 3a0o0JeBaHMs, KOTOPOE AECATUICTHAMH Pa3BUBACTCS
OeCCHUMIITOMHO, a Takke AedUuIMTOM Mojenel camMoil pacmpoctpaneHHou (>95 %)
criopaamdeckor  ¢opmer  BA. Hacrosimmee wuccrmemoBaHWEe — BBINIOMHEHO  Ha
npexaeBpeMeHHo cTaperomux kpbicax OXYS — yHUKaIbHOW MOJENH CIIOPaAnIecKOH
¢dopmbl BA, y KOTOPBIX CIIOHTaHHO Pa3BHBAIOTCS BCE KIIOYEBHIE MTATOTCHETHYECKUE U
CKJIMHUYECKHE» Npu3HaKu 3aborneBaHus. MX mocnenoBaTenbHOCTh: TUCOYHKIMS
MUTOXOHJIpUH, TUNepPocPOpUIpoBaHUe Tay-OeiKka, HapylleHHe JIUTEIbHON
MOCTTETAHMYECKOH MOTEHIIMAINN, CHHANITHYECKAs: HEJI0CTaTOYHOCTh, JAeCTPYKTHBHBIC
W3MEHEHUS! HeHPOHOB, HAPYILIEHHS TOBEJCHUS M CHIDKEHHE KOTHUTHBHBIX (PyHKIMH Ha
PaHHUX CTagusIX M WX mporpeccust Ha (oHe mosbimieHus ypoBHs APP, ycunennoro
HakorieHHus: AP W o0pa3oBaHUsl aMWIOHIHBIX OJISIIEK B MO3Te, — COOTBETCTBYET
COBpPEMEHHBIM TIPEICTABICHUSM O ITaTOTeHe3e criopaanaeckoit Gopmel BA y moneit [1].
Lenp paboThl — cpaBHEHHE METa00JIOMA THITIIOKAaMIIa M CBIBOPOTKU KpoBH Kpbic OXYS
Ha Pa3HBIX CTAJIHMSIX Pa3BUTH MPU3HAKOB BA U151 BEIsIBIICHHS HanOO0JIee TIEPCIIEKTUBHBIX
C MPOTHOCTUYECKOM TOUKH 3pEHUSI OMOMaPKEPOB — HU3KOMOJIEKYJISIPHBIX METa0OJIUTOB,
OTpaKaloIIMX HapyIIEHUs B MeTaboIMYecKuX IMKIax. bbun mcciienoBaHbl KPBICHI
OXYS B «IOKIIMHUYECKHIT» TTEPUO/I, TPEAMIECTBYIONNI pa3BUTHIO Ipu3HakoB BA (B
Bo3pacte 20 aHeit), B mepuos ux MaHudecranun (3—4 Mec.) U aKTHBHOW MPOTPECcCHH
(1618 mec.). Kpbicer tuanu Wistar Toro e Bo3pacra CIIy»KHIH KOHTPOJIEM.

Memoowr u  aneopummer:  MeTogoM  MeTa0OJIOMHOTO  NPOQMIMPOBAHUS  C
WCTIONIb30BaHUEM aHaUTH4YecKoil miargopmel Ha ocHoBe SMP cnekTpockonuu
MPOBENICH KOJMYECTBEHHBI aHaIH3 METa0O0JIMTOB MO3ra M KpoBH Kpbic. [lomydeHHbIe
JaHHbIE TMPOAHAIM3UPOBAHBI METOJAMH XEMOMETPHYECKOIO M CTaTUCTHYECKOTO
aHanu3a.

Pezynemamur: Jlng MeTaboauTOB MO3ra (THUIIIOKaMM, 59 COeNWHEHHI) U CHIBOPOTKH
KpoBU (55 coennHeHWi) OBIIM YCTaHOBJICHBI AMANAa30HBl BapbUPOBAHHUA M CPEIHHE
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3HAUYCHUS KOHLEHTpauuid. AHaIM3 MONYYCHHBIX JaHHBIX BBIIBHJI OCHOBHBIC
3aKOHOMEPHOCTH M3MEHEHHUs] MeTaboJIoMa MpH CTapEHUH, CBSI3aHHBIC MPEXKIE BCETo C
SHEPreTHYECKHM METabOJIM3MOM H  HEHPOTPAaHCMHUTTEpaMH. YCTAHOBICHO, 4YTO
pasBuTHe, MaHu(ecTalys 1 nporpeccus npuzHakoB BA y kpeic OXY'S mpoucxour Ha
(oHE TOBBIILICHHOTO, TI0 CpaBHEHHIO ¢ Kpbicamu WisStar, ypoBHS CUMILIIO-WHO3UTONIA U
CHIDKEHHOTO — THIIOTaypUHA B TUIIIOKaMIIe, KOTOpble ObIIIM M3MEHEHBI y KUBOTHBIX
BCEX HCCIIEJIOBAHHBIX BO3pacTHBIX rpymm [2]. TlomydeHHbIe pe3ynbTaThl MO3BOIWIN
MPEINONIOKUTh, YTO TOBBIIICHHBIH YpPOBEHb CLUWIUIO-WHO3MTOJA B MO3T€ MOXKET
CIIy’)KUTh MPEIUKTOPOM M MOTEHIHAJIbHBIM OMOMapKepOM pa3BUTHS MPHU3HAKOB BA y
kpeic OXYS u, BO3MOXKHO, 3TOT0 3a00neBanus y mojeil. OMHaKO B CBIBOPOTKE KPOBH
YPOBEHb CIHMJUIO-WHO3UTOJA JOCTOBEPHO CHIDKAJICS C BO3PACTOM M TIpU 3TOM HE
pasnmuuancs y kpeic Wistar u OXYS, a ypoBeHb T'MIOTaypHHA OBUI HIDKE YPOBHS
JIETEKIIMH, YTO HE TIO3BOJIET MCIOJh30BATh 3TH COCJAMHEHHS B KAUECTBE JTOCTYITHBIX
O6nomapkepoB panHuX ctafwii bA. IloMrmo ciniuto-nHO3UTOMA, OBIITO OOHAPYIKEHO elIle
33 merabonuTa, OOUIMX AJISl TUIITIOKAaMIIa B CHIBOPOTKH (puc. 1A), KOTOpBIE CBS3aHBI C
MeTaboIM3MOM aMHHOKUCIIOT, LHUKIOM TPHKApOOHOBBIX KHCIIOT, METa0O0JIM3MOM
nupyBata W azora. CleayeT OTMETUTh, YTO HW3MCHEHUS YPOBHS OOJBIIMHCTBA
METa0OJIMTOB B THITMOKAMIIE U CHIBOPOTKE KPOBH B JMHAMHUKE pa3BUTHA Npu3HaKoB BA
OKa3aJIMCh PEIUIPOKHBIMHE, YTO, CKOPEE BCETO, 00YCIIOBICHO H3MEHEHHUSIMHU COCTOSHHUS
reMatodHnedarnueckoro Oapbepa Ha (oHE pa3BUTHI HEHpOJeTreHepaTHBHBIX
MPOIIECCOB.
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Puc. 1. A. TeroBas KapTa KpaTHOCTH M3MEHEHHMS YPOBHS OOLIMX ISl CHIBOPOTKH U THITIIOKAMITA
MmetabonutoB Mexay kpeicamu Wistar u OXYS pasuoro Bospacra (log2(FC)(Fold Change);
B. YpoBeHb 3-MeTHJI-2-OKCOBAJEPUAHOBOW KHCIOTHl B CBIBOPOTKE, CIMIUIO-HHO3HMTOJIA,
ackop0aTa U TPEOHHWHA B CBIBOPOTKE U TUIIIOKAMITE KPBIC Ha TOKIMHHYECKOit (Bo3pacT 20 nHeil),
cranuu MaHugecranuu (3—4 Mec.) 1 akTUBHON nporpeccuu 3aboseBanus (16—18 mec.) Jlannsie
Npe/ICTaBICHbI Kak cpeaHee + SD. * — 10cTOBEepHbIE pa3inyus MEXIY JTHHUIMH
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Cornacuo nanaeM SIMP-criekTpockonuy, Ha JOKIMHAYECKOH cTaguu 3aboneBanus (B
Bo3pacte 20 fHell) B cbIBOPOTKe KpoBH Kpsic OXY'S mo cpaBHenuto ¢ kpbicamu Wistar
JIOCTOBEPHO HM3MEHSICA ypOBEHb 9 MeTaOOJIMTOB: aUIaHTOMHA, KpeaTHHA, INIHLMHA,
TMCTUMHA, JTU3UHA U CEpUHA — IOBBILIAJICA, a IIIyTaMHUHA, W30JefinHa U JIeHIHa —
cHkaics. [Ipu sToM B runmokamme kpbic B Bo3pacTte 20 AHEH ypOBHU aljaHTOWHA U
ructuarHa y Kpbic OXYS 6butH 0CTOBEpPHO HIDKE, yeM Yy Kpbic Wistar, B To Bpemst Kak
YpOBHH Apyrux 6 00X MeTaboNnuTOB (JICHIIHA, N30JIEHIINHA, TIIyTAMHUHA, KpeaTruHa,
TTIMIMHA U CEpUHA) He M3MEHTUCh. B meproa manudectannu npuzHakos bBA (3—4 mec.)
B cbiBOpoTKe Kpbic OXYS ObIM CHMXKEHB YPOBHM ILHMTpaTa W 3-MeTHI-2-
OKCOBAJIEPUAaHOBOM KHCIOTHI (OAHOTO W3 IPOMEXKYTOYHBIX METAa0OIUTOB CHHTE3a
aMUHOKHUCIIOT C pacllelyieHHoi nenbto), SIMP-curHanel KOTOpbIX HeE ObLIH
oOHapyKeHbl B 00pa3liax TUIIOKaMIa >KMBOTHBIX. Ba)KHO OTMETHTbH, UYTO B MEPUON
BBIPOKCHHBIX HEWPOJIeTeHEpATHBHBIX H3MeHeHui (18 Mec.) ypoBeHb 3-MeTHI-2-
OKCOBAJIEPHAHOBOM KHCIOTHI B ChIBOpOTKE Kpbic OXY'S Takxke ObLIT HIXKE, YEM Y KPBIC
Wistar, 4ro mo3BOJIIET paccMaTpUBATh I3TOT META0OJIHMT KaK IMOTEHIUAIbHBIH
Ouomapkep paHHed u mo3mHux craauii BA. Kpome toro, B Bo3pacte 18 mecsieB B
ceiBopoTke Kpbic OXYS HabmogaeTcs MOBBIIIEHHE YPOBHS acKkopOaTa v CHUKEHHE 2-
KETOM30BaJIepaTa, MIMIUEPOJIa, KETOJIEHIIMHA, METUOHUHA U TpEOHUHA. B runmnokammne
18-mecsunbix kpoic OXYS ypoBeHb TpeoHHWHA ObLI, KaK M B CBIBOPOTKE, TOCTOBEPHO
HIDKe, yeM y Kpbic Wistar, a ypoBHu ackopbara 1 riiiieposa He pasnuyainuch (puc. 1B).
Buigoowi: Pazputuio mpusHakoB bA y kpeic OXYS mpenmiecTByer U COMYTCTBYET
MOBBIIIICHAE YPOBHS CLHWJIIO-WHO3MTONIA M CHIDKCHUE — THUIOTaypUHA B TUITIOKAMIIE.
CpaBHeHHE METa0O0IMYECKOTO NMPOGMIS THUIIOKAaMIa M CHIBOPOTKHU KpPbIC BBISIBUIIO
Hanmaue 34 o0mux MeTaboIUTOB, TIPH 3TOM HAIIPABIIEHHOCTh U3MEHEHHUH ¢ BO3PacTOM
OOJIBIIMHCTBA U3 HUX ObLIA PEIUIPOKHON B KPOBH M MO3Te JKUBOTHBIX. Ha paHHe# u
MO3IHEH cTagusix pa3BuThs bA-1ogqo6HOM maTonoruu B cbIBOPOTKe KpoBH Kpbic OXY'S
CHIDKEH YPOBEHb  3-METWI-2-OKCOBAJCPUAHOBOW  KHCJIOTBI, YTO  II03BOJISIET
paccMaTpuBaTh 3TOT METAa0OJUT KaK MOTCHIUAIBHBIA JOCTYMHBIA OHOMapkep
3a00JIeBaHusl.

Qunancuposanue. ViccnenoBanue NOAIEPKAHO MPOEKTOM roCy1apCTBEHHOrO Or0JKeTa
Ne FWNR-2022-0016.
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Motivation and Aim: The metabolomic approach is widely used in studying the
pathogenesis of various diseases, since it allows one to accurately assess the nature of
metabolic changes during their development and identify potential biomarkers. An
important objects in such researches are animals — experimental models of human
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diseases, which provide knowledge necessary for the development of methods for their
diagnosis, prevention and treatment. Age is a major risk factor for Alzheimer's disease
(AD), which becomes the leading cause of senile dementia. There are no effective
methods for the prevention and treatment of AD, which is due to incomplete knowledge
of the pathogenesis of the disease. Study of early stages of AD are difficult because AD
develops asymptomatically for decades, and due to a lack of models for the most
common (>95 %) sporadic form. The present study was performed on prematurely aging
OXYS rats, a unique model of sporadic AD, in which all the key pathogenetic and
“clinical” signs of the disease spontaneously develop. Their sequence (mitochondrial
dysfunction, hyperphosphorylation of tau protein, impaired long-term post-tetanic
potentiation, synaptic failure, destructive neuronal changes, behavioral disorders and
cognitive decline in the early stages and their progression against the background of
increased APP levels, increased accumulation of AP and the formation of amyloid
plaques in the brain) corresponds to modern ideas about the pathogenesis of the sporadic
form of AD in humans [1]. The purpose of the work is to compare the metabolome of
the hippocampus and the serum of OXY'S rats at different stages of development of signs
of AD to identify the most promising biomarkers from a prognostic point of view — low
molecular weight metabolites that reflect disturbances in metabolic cycles. OXYS rats
were studied in the “preclinical” period preceding the development of signs of AD (at
the age of 20 days), during their manifestation (3-4 months) and active progression (16-
18 months). Age-matched Wistar rats were used as controls.

Methods and Algorithms: A quantitative analysis of metabolites in the brain and blood
of rats was carried out using the method of metabolomic profiling using an analytical
platform based on NMR spectroscopy. The obtained data were analyzed using
chemometric and statistical analysis methods.

Results: For brain (hippocampus 59 compounds, cortex 44 compounds) and blood serum
(55 compounds) metabolites, ranges of variation and mean concentrations were
established. Analysis of the data obtained made it possible to identify the main metabolic
patterns during aging, involved in the pathways of energy metabolism and metabolic
changes in neurotransmitters. Analysis of the data obtained for brain metabolites
revealed the main patterns of changes in the metabolome during aging, primarily
associated with energy metabolism and neurotransmitters. It has been established that
the development, manifestation and progression of signs of AD in OXYS rats occurs
against the background of increased, compared to Wistar rats, levels of scyllo-inositol
and decreased levels of hypotaurine in the hippocampus, which changed in animals of
all age groups studied [2]. The findings suggest that elevated levels of scyllo-inositol in
the brain may serve as a predictor and potential biomarker for the development of signs
of AD in OXYS rats and, possibly, AD development in humans. However, in the blood
serum, the level of scyllo-inositol significantly decreased with age and did not differ
between Wistar and OXYS rats, and the level of hypotaurine was below the detection
level, which does not allow the use of these compounds as available biomarkers of the
early stages of AD. In addition to scyllo-inositol, 33 other metabolites were found to be
common to the hippocampus and serum (Fig. 1A), which are associated with amino acid
metabolism, the tricarboxylic acid cycle, pyruvate and nitrogen metabolism. It should be
noted that changes in the level of most metabolites in the hippocampus and serum in the
dynamics of the development of AD signs turned out to be reciprocal, which is most
likely due to changes in the state of the blood-brain barrier against the background of the
development of neurodegenerative processes.
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Fig. 1. A. Heat map of log2(FC) fold change in serum and hippocampal common metabolites
between Wistar and OXYS rats of different ages; B) Levels of 3-methyl-2-oxovaleric acid in
serum, scyllo-inositol, ascorbate and threonine in the serum and hippocampus of rats at the
preclinical (age 20 days), stage of manifestation (3-4 months) and active progression of the
disease (18 months). Data are presented as mean+SD. * — significant differences between lines

According to NMR spectroscopy data, at the preclinical stage of the disease (at the age
of 20 days) in the serum of OXYS rats compared to Wistar rats, the level of 9 metabolites
significantly changed: allantoin, creatine, glycine, histidine, lysine and serine increased,
while glutamine, isoleucine and leucine decreased. In the hippocampus of rats at the age
of 20 days, the levels of allantoin and histidine in OXYS rats were significantly lower
than in Wistar rats, while the levels of other 6 common metabolites (leucine, isoleucine,
glutamine, creatine, glycine and serine) have not changed. During the period of
manifestation of signs of AD (3-4 months), the levels of citrate and 3-methyl-2-
oxovaleric acid (one of the intermediate metabolites of the synthesis of branch-chain
amino acids) were reduced in the serum of OXYS rats; these metabolites were not
detected in the hippocampus of animals. It is important to note that during the period of
pronounced neurodegenerative changes (18 months), the level of 3-methyl-2-oxovaleric
acid in the serum of OXYS rats was also lower than in Wistar rats, which allows us to
consider this metabolite as a potential biomarker of the early and late stages of AD. In
addition, at 18 months of age, an increase in serum levels of ascorbate and a decrease in
2-ketoisovalerate, glycerol, ketoleucine, methionine, and threonine were observed in the
serum of OXYS rats. In the hippocampus of 18-month-old OXYS rats, the level of
threonine was, as in the serum, significantly lower than in Wistar rats, and the levels of
ascorbate and glycerol did not differ (Fig. 1B).

Conclusion: The development of signs of AD in OXYS rats is preceded and
accompanied by an increase in the level of scyllo-inositol and a decrease in hypotaurine
in the hippocampus. Comparison of the metabolic profile of the hippocampus and rat
serum revealed the presence of 34 common metabolites, and the direction of changes
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with age of most of them was reciprocal in the blood and brain of the animals. At the
early and late stages of development of AD-like pathology, the level of 3-methyl-2-
oxovaleric acid in the blood serum of OXYS rats is reduced, which allows us to consider
this metabolite as a potential available biomarker of the disease.

Funding: The study is supported by State Budget Project No. FWNR-2022-0016.
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