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Momusayusa u yenv: B cBA3M ¢ pa3BUTHEM TEXHOJIOTUH HNPUMEHEHUS TEParepLoBOro
(TT'n) n3mydeHuss He0OXOAUMO HCCIEA0BATh €r0 BO3JCHCTBUE HA >KUBBIC OPraHU3MBI.
W3BecTHO, YTO B KyJIBTYpax KJIETOK, moaseprmuxcs TI'1 uznmydeHnuto, HaOmMoaar0TCs
HapyleHus psaa OMOJOrMYecKUX MPOLECCOB, ACCOLMMPOBAHHBIC C U3MEHEHHEM 3KC-
npeccroHHbIX [1-3] u mporeomHurix [4] mpoduneil. B gacTHOCTH, OnMcaHa AUCPETYIIs-
1Sl OMOJIOTMYECKUX TPOIIECCOB, MPOTEKAIONINX B MUTOXOHIpHsX [1]. Mbl npeamoso-
KU, 9TO Bo3zaelcTBre TI'1 n3nydeHus: Ha MEeMOpaHbl MHUTOXOHAPHIA MOXET TPUBO-
JIUTH K MMOBPEKICHUIO CYNIPaMOJIEKYJISIPHBIX MEMOPAaHHBIX CTPYKTYp, B YACTHOCTH JIU-
MUAHBIX padTOB, HapyIas peryasauuio GyHKUUI OETKOB TpaHCIOPTa U MPEBPALLCHUS
MeTa0oJUTOB. B pamMkax nccie oBaHus TOM TUIOTE3bI LIENbI0 pabOTHI SBIISIACH HHTEP-
npeTanys MeTaboJIOMHBIX TaHHBIX C IPUMEHEHUEM I101X0/1a TeHHBIX CeTeil.

Memoovt u ancopummer: s ananuza Obi B3sThl anHbie LC-MS/MS metabonom-
HOT'O CKPUHHHTA KJIETOK MEIaHOMBI YeJIOBEKa, IPOBEACHHOTO Yepe3 TPOe CYTOK MOce
o0y4deHust nazepom ¢ yactotoit 2.3 Tl u 11 KOHTPOIBHOW TPYIIIBI KIETOK — TEPMO-
CTaTUPOBaHMSA B T€UEHHUE TpeX CyTOK. CTaTuCTHYECKU aHATU3 JaHHBIX IPOBOAMICA C
IIPUMEHEHUEM KpUTepuss MaHHa—YUTHHU C ITOIIPABKOM Ha MHOKECTBEHHOE TECTHPOBA-
Hue Benjamini—Hochberg.

st moctpoenus renHoi cetu u3 6a3 manHex KEGG n HMDB 6putn n3Bniedess! gep-
MEHTbl OMOCHHTE3a M JAErpajlaliii BBISBICHHBIX METaOOJIMTOB; MUTOXOHIpHAIbHBIC
MeMOpaHHbIe OeJIKU YeI0BEeKa SIKCTparupoBanbl u3 6a3bl naHHbix MitoProteome. Pekon-
CTPYKIIHSI TEHHOM ceTH mpou3Boauiack B nmporpamme ANDVISiO — rpaduueckom uH-
Tepdeiice mporpammHo-uHPpopMarmonHon cucteMbl ANDSystem [5]. Jlns ananmsa me-
penpencTaBIeHHOCTH OMOJIOTHYECKMX MPOIIECCOB M KJIETOYHBIX KOMIOHeHTOB Gene
Ontology 6su1 ucnosnb3oBan Be6-uHcTpymMeHt DAVID.

Peszynomamur: CpaBHUTENBbHBIA CTaTUCTUYECKUI aHATN3 METaOONIOMHBIX Mpoduieit
TPYIIIBL KIETOK, oseprmmxcs TT 11 u3ryueHnto, 1 KOHTPOJIBHOM IPYIITBI TTOKA3aN 3Ha-
yuMble paziaruvst st 40 MeTaboUTOB, CPEAN KOTOPHIX OKA3alliCh MYPUHBI, TUPUMHU-
JIUHBI 1 IPYTUe CBA3aHHBIE C SHEPreTHYECKUMHU MporeccaMu MeTabonutel. Ha ocHoBa-
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HUU Hallled THIOTE3bl O BAUsSHUM TI'11 M3IIydeHus: Ha CTPYKTYPhl B MUTOXOHIPHAIb-
HOW MeMOpaHe Obllla pEKOHCTPYHUPOBaHA I'eHHAs CETh PETYJISIUU (PEPMEHTOB MPEeBpa-
IMIeHUS 3HAYMMBIX METa0OJNMUTOB MHTOXOHIPHAIBHBIMU OelKaMH-TpaHCIIOpTepaMH

(puc. 1).
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Puc. 1. 'enHas cets perymanun pepMeHTOB OMOCHHTE3a U AETPalallii 3HAYMMBIX METa00IUTOB.
YepHBIMU paMKaMH OTMEUECHBI MUTOXOH IpUAJIbHbIE MEMOpaHHbIE OSNIKN, KPACHBIMH PaMKaM1 —
(epMEHTBI TpEeBpaICHNsT METa0ONNTOB, Oenkn 0e3 pPaMOK — IPOMEKYTOUHBIC YYaCTHHKU
PETYIATOPHBIX ITyTEH

B renHoii ceTu BBISIBIEHBI PETYNSATOPHBIE MMyTH, MOTEHIINAIBHO HAPYIICHHbIE B KIETKe
BeaeactBue TI'n uznmydeHus. B kauecTBe Ba)KHBIX YYAaCTHUKOB IE€HHOM CETHU MBI
ormetwin pepmentsl MDHM, TR61B, MGMT, mutoxonapuaisubie AT®-cuHTa3b1 U
NADH-gerunporenassl. IlepenpencraBieHnbie Ouonorndeckue mpouecchl  Gene
Ontology BkiOYanu MeTaboJM4ecKue MPOLECCh B MUTOXOHAPHSX, LENb IepeHoca
3JIEKTPOHOB, PETYJISILUIO aroNnTo3a W OTBET KJIETKM HA BHEIIHWUU CTHUMYJ. AHaIU3
nepenpeCcTaBIeHHOCTH KIIETOYHBIX KOMITOHEHTOB Gene Ontology HAeHTUPHUIINPOBAI B
TeHHOW ceTh 8 OENKOB JHIUAHBIX padToB, yKa3bplBas Ha POJIb PadTONOJOOHBIX
CTPYKTYP B PEryJISILUH NPEBPALICHUS 3HAYMMBIX METa00IUTOB M UX TPAHCIOPTA MEX Y
LUTOIJIA3MON M1 MUTOXOHJIPUEN.

Bvigoovi: Ananu3 MeTaOONOMHBIX NpoQuiei KIETOK MeNaHOMBI —YeJloBeKa,
nogseprmuxcss TI'n wm3nyuenuto, upeHrudunuponan 40 3HAYUMO HM3MEHEHHBIX
MeTaboauTOB. PeKOHCTpyHpoBaHa reHHas CeTh peryssiuuu (pepMeHTOB OMOCHHTE3a U
JIeTpajallid METa0O0JIMTOB MHUTOXOHJIpHAIbHBIMA MeMOpaHHbIMU Oenkamu. Cpenu
YYaCTHUKOB T'€HHOW CeTH MAECHTH(UIMPOBaHbl O€IKH JIMOUIHBIX padToB. M3 aHanmza
TCHHOW CETH BBIBICHBI MEXAaHU3MBI, I[OTEHIMAJIbHO HApYyIIECHHbIE B KIETKaX,
noaseprumuxcs T m3nydenuto. CorjaacHO Hamleil THIOTE3€, CTPYKTYpa JHMIHATHBIX
padToB Hapyiiaercs BCieACTBHE Bo3jieiicTBus TI'I W3MydeHHs, YTO CIIOCOOCTBYET
W3MEHEHUIO TPAHCIIOPTA U PEAKLUUi MpeBpaIeHHsI METa00IHUTOB.

Qunancuposanue: bruonHpopMaTHUecKuil aHamM3 OBLT MPOBENEH MPHU TOJIEPIKKE
oromkeTHoro npoekta FWNR-2022-0020.
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Motivation and Aim: In connection with the development of terahertz (THz) radiation
applicative technologies, it is necessary to investigate its effects on living organisms.
Studies based on transcriptomic [1-3] and proteomic [4] analysis reported that THz ra-
diation may disturb a number of biological processes, in particular, the metabolic pro-
cesses in mitochondria [1]. We hypothesized that THz radiation acts upon lipid raft-like
microdomains on mitochondrial membranes, leading to the disrupted regulation of
transport and conversion of metabolites. In the course of our hypothesis, we aimed to
analyze the metabolomic profiles of the cells exposed to THz radiation with the usage
of gene networks approach.

Methods and Algorithms: The data taken into analysis included the results of LC-MS/MS
metabolomic screening performed on human melanoma cells three days after irradiation
with 2.3 THz laser, and the cells in control group were thermostated for three days. Sta-
tistical analysis of the data was performed using the Mann—Whitney U test with Benja-
mini—Hochberg correction. For the gene network reconstruction, the enzymes of biosyn-
thesis and degradation of significantly altered metabolites were extracted from KEGG
and HMDB databases; the mitochondrial membrane proteins were extracted from Mito-
Proteome database. The gene network reconstruction was performed with ANDVisio
program — the user interface of the ANDSystem software and information system [5].
The web tool DAVID was used for overrepresentation analysis of Gene Ontology bio-
logical processes and cellular components.

Results: The comparative statistical analysis of metabolomic profiles of the group of
THz irradiated cells and the control group revealed significant differences for 40 metab-
olites, including purines, pyrimidines, and other energy-related metabolites. Based on
our hypothesis about the effect of THz radiation on the mitochondrial membrane struc-
tures, we reconstructed the gene network of regulation of the enzymes involved in bio-
synthesis and degradation of significant metabolites (Fig. 1). Regulatory pathways to the
enzymes started from mitochondrial membrane proteins implementing the transport
function.
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Fig. 1. Gene network of regulation of the enzymes involved in conversion of significant
metabolites. Red-framed spheres represent enzymes of significant metabolites conversion. Black-
framed spheres — mitochondrial membrane proteins. Red-spheres without frames — intermediate
proteins

The gene network identified regulatory pathways potentially disrupted in the cell
subsequent to THz-irradiation. We noted the following gene network participants: the
enzymes MDHM, TR61B, MGMT, mitochondrial ATP synthases, and NADH
dehydrogenases as the important components of the pathways. Overrepresented Gene
Ontology biological processes included mitochondrial metabolic processes, electron
transport chain, regulation of apoptosis and cell response to external stimulus. The
analysis of overrepresented Gene Ontology cellular components identified 8 proteins in
the gene network annotated in membrane rafts, indicating the role of raft-like structures
in regulating conversion and transport of significant metabolites.

Conclusion: The analysis of metabolic profiles of THz-irradiated human melanoma cells
identified 40 significantly altered metabolites. We reconstructed the gene network of
regulation of the enzymes involved in biosynthesis and degradation of significant
metabolites. Lipid raft proteins were identified among the participants of the gene
network. The gene network analysis revealed the mechanisms potentially disrupted in
THz-irradiated cells. According to our hypothesis, the structure of lipid rafts is disturbed
due to THz exposure, resulting in alterations in catalytic reactions and transport of
metabolites.

Funding: Bioinformatic analysis was supported by the budget project (No. FWNR-2022-
0020).
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