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CoBpemeHHan opTaNbMONOrMA aKTUBHO pas3BuBaeTcs, 6narofapa BHeAPEHUI0 MHHOBALMOHHBIX METOZLO0B AMArHOCTUKM U NeveHus. TpaguumoHHble
noAXofbl YacTo He MO3BONAIOT MOSHOCTBIO PACKPbITb MEXaHW3Mbl Pa3BUTUA 3aboNeBaHMUIt 13-3a CIOXKHOTO B3aUMOLENCTBUA FEHETUYECKUX U cpe-
[10BbIX $paKTOpoB. OMMKCHbIE TEXHOIOTUM, BK/IHOYAA FTEHOMMKY, MPOTEOMUKY U MeTaboioMMKy, 0becneynBatoT KOMMIEKCHDBIM aHaAW3 JaHHbIX, 4TO
cnocobcTayeT yraybnéHHOMY NMOHUMaHUIO NaToreHesa U pa3paboTKe NepcoHanM3MpPOBaHHbIX CTPaTernii neveHns. BoicokonpoussoauTebHble Me-
TOZbl CEKBEHMPOBAHUA MO3BOWIN BbIABUTb FEHETUYECKME NPEAPACTIONOKEHHOCTM K TaKUM 3ab0eBaHUAM, KaK [1ayKOMa, BO3PaCcTHas MaKyaapHas
[ereHepauma U MUONUA, YTO YNYULLIAET PAHHIOK AMArHOCTUKY U TapreTHYI Tepanuio.

OcobeHHOCTYM 11a3a, TakUe Kak MMMYHHasA NPUBUIErYPOBAHHOCTb U CBA3b C LIEHTPAsIbHOW HEPBHOM CUCTEMOM, AENAlOT €ro YHUKaNbHON MOAENbO
[ANA U3yYyeHWA NaToNorvin U HelipoaereHepaTUBHbIX 3a60n1eBaHUA. OMUKCHbIE TEXHONIOMUM TaKXKe NPUMEHSAIOTCA /1A aHann3a CNE3HOW KMUAKOCTH,
BbIABNAA BMOMapKEPbI CMHAPOMA CYXOro Iasa, AMabeTnyecKkor peTHONaTUK 1 BOCNanuTenbHbIX 3a6oneBaHuii. Passutre GUonHdOpMaTHKK 1 Ma-
LWMHHOTO 0ByyeHus yckopsaeT 06paboTKy AaHHbIX, MPOrHO3MPOBaHMe 3a60/1eBaHNUI U MOUCK HOBbIX TEPANEBTUYECKUX MULLEHEN.

0630p OCHOBAH Ha CHCTEMaTMYEeCKOM NoMcKe nTepaTypbl 3a nepuog ¢ 2010 no 2025 roabl B 6asax faHHbIX PubMed, Science Direct, eLibrary, no
KNIOYEBbIM CNOBAM, KOMUKCHbIE TEXHONOTUMY, «ODTANbMONOMUA», KTEHOMUKAY, KNPOTEOMUKAY, «MeTabonomuka». OTobpaHbl peLeH3npyemble cTa-
TbU, NOCBALEHHbIE MPUMEHEHNIO OMUKCHBIX TEXHOMOTWUI /1 UCCNel0BaHUA [a3HbIX 3a001eBaHMiA, TaKUX Kak MayKoma, BO3pacTHas MaKyaapHas
fereHepaums, AmabeTuyeckas PeTMHONATUA, CUHAPOM CYXOro 171a3a U MUOMUA. BbINN UCKNIOYEHbI CTaTbK, B KOTOPbIX MCMO/Ib30BANUCh AaHHbIE, yCTa-
peBLUME MO CBOEMY COZEPKaHUIO UM C HEAOCTAaTOYHOW JeTanusaupeit MeTogoB. B cTaTbe pacCMOTPEeHbI AOCTUNKEHUA M NEPCTEKTHUBbI OMUKCHBIX
TEXHO/IOrNii B 0pTasibMONOTMU, UX POJIb B AMATHOCTUKE U JIEYEHUM, @ TaKKe BbI30Bbl M HanpaBaeHUa ByayLWwmx uccneoBaHuii.
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Modern ophthalmology is developing rapidly owing to the introduction of innovative diagnostic and therapeutic approaches. Traditional methods often fail
to fully elucidate the mechanisms underlying disease development because of the complex interplay between genetic and environmental factors. Omics
technologies, including genomics, proteomics, and metabolomics, enable comprehensive data analysis, thereby contributing to a deeper understanding of
pathogenesis and the development of personalized treatment strategies. High-throughput sequencing methods have made it possible to identify genetic
predispositions to diseases such as glaucoma, age-related macular degeneration, and myopia, improving early diagnosis and targeted therapy.

The eye's unique characteristics, including its immune-privileged status and close relationship with the central nervous system, make it a valuable model
for studying ocular disorders and neurodegenerative diseases. Omics technologies also analyze tear fluid, enabling the identification of biomarkers for
dry eye disease, diabetic retinopathy, and inflammatory disorders. Advances in bioinformatics and machine learning accelerate data processing, disease
prediction, and the identification of novel therapeutic targets.

This review is based on a systematic literature search covering the period from 2010 to 2025 in PubMed, ScienceDirect, and eLibrary databases using the
keywords “omics technologies”, “ophthalmology”, “genomics”, “proteomics”, and “metabolomics”. Peer-reviewed articles addressing the application of
omics technologies to the investigation of ocular diseases, including glaucoma, age-related macular degeneration, diabetic retinopathy, dry eye disease,
and myopia, were selected. Articles containing outdated data or providing insufficient methodological detail were excluded. This review discusses the
current achievements and prospects of omics technologies in ophthalmology, their role in diagnosis and treatment, and existing challenges and directions
for future research.
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BBEAEHMUE

CoBpemeHHast 0QTaNbMONOIMA MNEPENKMUBAET CTPEMUTENbHOE
passuTue, bnarofapa BHELPEHWIO MHHOBALMOHHbLIX METOLOB AMa-
FHOCTUKM U NeveHus. TpaguLmMoHHbIe NoaXoapl K U3ydeHuto odTab-
MOJIOTUYECKUX 3a60/1€BaHMIA YaCTO HEe MO3BO/IAKOT NONYYUTb MONHOE
npeacTaBneHne 0 MexaHU3Max MX PasBUTMA M3-33 CI0XKHOTO B3au-
MOAEWCTBUA TeHeTUYEeCKMX M CcpeaoBbliXx $GakTopoBs. B cBA3M € 3Tum,
0Cobyl0 3HAUYMMOCTb MPUOBPETAOT OMMKCHbIE TexHonornu, obe-
cneymBaloLLMe KOMMIEKCHbIM aHann3 reHeTUYeCKMX, NPOTEOMHbIX
N MeTaboNoMHbIX AaHHbIX [1, 2]. 9TM MeToAbl NO3BONAIOT HE TONbKO
rny6xe MoHATb naToreHes 3aboneBaHUi a3, HO U paspabaTbiBaTh
NepcoHasM3npPoBaHHbIe CTpaTernn AUarHoOCTUKU U NeYeHNs.

OfHVMM U3 BaKHeWMLWMX [OOCTVKEHWI NOCNeAHUX AecaTune-
TUN CTano pasBUTME BbICOKONPOU3BOAUTE/bHbIX METOLOB CEKBe-
HUPOBAHWA, KOTOpPble MO3BOMNAM CYLLECTBEHHO PaCLUIMPUTL 3HAHUA
O TeHeTUYECKUX NPEeApacrnoNoKeHHOCTAX K 0dTa/bMOIOrMYECKUM
natonoruam. Hanpumep, reHeTUYeCKWi aHann3 NMOMOraeT BbIABUTb
HacneacTBeHHble GaKTOPbl PUCKA [1AyKOMbI, BO3PACTHOW MaKynsap-
HOM pereHepauun (BMZ) v mMuonum, 4TO 3HAYMTENbHO MOBbILIAET
3¢ deKTUBHOCTb paHHElN AuarHocTvkK [3, 4]. Kpome Toro, nsyyeHue
MOJIEKYNIAPHBIX MEXaHM3MOB 3ab0/1eBaHMiI1 CNocobCTBYET paspaboTke
LLleNIeBbIX TepaneBTUYECKMUX CTPATErMi, BK/IKOUAA FEHHYIO Tepanuio u
NepCcoHanM3npoBaHHyo dapmakoreHomuky [5, 6].

[na3 obnafaeT 0cobbiMM BUONOTMYECKUMU XapaKTEPUCTUKAMM,
KOTOpbIE AeNatoT ero yA06HOM MOZEeNbIo A1 U3y4YeHUA NaTonornye-
CKUX npoueccoB. OAHOM U3 TaKMX YHWUKa/bHbIX OCODBEHHOCTEN ABNA-
€TCA VMMYHHAA NPUBMNETMPOBAHHOCTL — (PEHOMEH, MPU KOTOPOM
MMMYHHbBI OTBET Ha TPAHCM/IAHTUPOBAHHbIE KNETKU U TKaHW OKa-
3bIBAETCA 0CN1ABNEHHBIM, YTO 3HAYUTENBHO CHUMKAET BEPOATHOCTb WX
OTTOpeHUA [7]. ITO CBOWCTBO OTKPbLIBAET HOBblE MEPCMEKTUBbI AA
pereHepaTMBHOM MeAMLVMHbI, BK/IKOYAA MCMO/b30BAHWE CTBOJIOBLIX
KNeToK B Tepanuu 3aboneBaHuii ras. Kpome Toro, TecHas cBA3b a-
33 C LIEHTPa/IbHOM HEPBHOM CUCTEMOW AENAET ero LeHHbIM 06bEKTOM
ONA M3yYeHMs HelpoaereHepaTUBHbIX 3ab01eBaHUIA, TaKMX Kak 60-
ne3Hb Anburermepa u 6onesHb MapKMHCOHA, paHHWe NPOABNEHWA
KOTOPbIX MOHO BbISIBUTb Ha 0TaIbMOIOTMYECKOM ocMoTpe [8, 9].

OfHVM 13 NepcnekTUBHbIX HanpaBaeHUN MONEKYNAPHONA o-
Ta/bMO/IOTUU ABNAETCA U3yYeHUe CNE3HOM KMAKOCTU, KOTopas Co-
[EPKNT LWIMPOKKUIA criekTp GEeNKoB, AMNUA0B U MeTabonuToB, oTpa-
KAKOLLMX COCTOAHUE Ma3HbIX TKaHeN. OMMKCHbIE TEXHONOTUU, TaKkue
KaK MpOTEOMMKa, JIMNUAOMUKA U MeTaboNOMMKa, NMO3BONAKT aHa-
JIU3MPOBATb COCTaB CNe3bl U BbIABAATL BUOMAPKEPLI, CBA3AHHbIE C
PasNMYHBIMK NATONIOTUAMM, BK/IKOYAA CMHAPOM cyxoro rmasa (CCr),
AvabeTnyeckyto peTuHonatuio (IP) u BocnanutesbHble 3ab01eBaHus
rnas [10, 11].

Pa3suThEe BMOMHOOPMATMKM U BbIMUCAUTE/IbHBIX METOA0B 00-
paboTkM BO/bLWIMX AaHHbIX CTaso0 BaXHbIM (aKTOpPOM Mporpecca B
odbTanbMonornyeckux uccneposanuax. CosgaHue  cneumanusmpo-
BaHHbIX 633 AaHHbIX 1 aITOPUTMOB MALLMHHOMO 0ByYeHUs No3BonfeT
3GPEKTUBHO aHaNU3MPOBATb OMUKCHblE [aHHble, NMPOrHO3MPOBaTb
pa3suTHe 3aboneBaHuit U pa3pabaTbiBaTb HOBbIE TepaneBTUYECKME
noaxoabl [12, 13] 1 ycKopseT NoUCK HOBbIX IEKAPCTBEHHbBIX MULLEHEW
[14].

B A4aHHOW CTaTbe PacCcMaTpMBAOTCA OCHOBHbIE AOCTUMEHWUS U
NepcneKkTUBbl NMPUMEHEHWA OMMKCHbBIX TEXHONOMMIA B OpTanbMONO-
TUK, UX BAMAHWE HA AMArHOCTUKY U IeYeHne ra3HbIx 3abonesaHui,
a TaKXe CyLLecTBylOLMe BbI30Bbl M HanpaBAeHUA JaNbHENWUX UC-
cnefoBaHuit B aTol 0bnactu. 0630p AnTepaTypbl Obla BbINOJHEH HA
OCHOBE CMCTEMATMYECKOro Nomncka nybankaumii 3a nepmog, ¢ 2010 no
2025 roabl B 6a3ax gaHHbix PubMed, Science Direct u eLibrary. B Ka-
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INTRODUCTION

Modern ophthalmology is rapidly evolving with the intro-
duction of innovative diagnostic and therapeutic methods. Tra-
ditional approaches to studying ophthalmic diseases often fail
to fully explain the mechanisms underlying their development
because of the complex interplay between genetic and environ-
mental factors. In this context, omics technologies have become
particularly important because they enable comprehensive anal-
ysis of genetic, proteomic, and metabolomic data [1, 2]. These
methods not only provide deeper insight into the pathogenesis
of ocular diseases but also contribute to the development of per-
sonalized diagnostic and therapeutic strategies.

One of the most important advances of recent decades has
been the development of high-throughput sequencing methods,
which have substantially expanded our knowledge of genetic pre-
disposition to ophthalmic disorders. For example, genetic analysis
helps identify hereditary risk factors for glaucoma, age-related
macular degeneration (AMD), and myopia, thereby improving the
effectiveness of early diagnosis [3, 4]. In addition, investigation of
the molecular mechanisms of disease contributes to the develop-
ment of targeted therapeutic strategies, including gene therapy
and personalized pharmacogenomics [5, 6].

The eye possesses several distinctive biological character-
istics that make it a convenient model for studying pathological
processes. One such unique feature is immune privilege, a phe-
nomenon in which the immune response to transplanted cells
and tissues is attenuated, thereby significantly reducing the like-
lihood of rejection [7]. This property opens new prospects for
regenerative medicine, including using stem cells to treat ocular
diseases. Furthermore, the close relationship between the eye
and the central nervous system makes it a valuable model for
studying neurodegenerative disorders such as Alzheimer’s dis-
ease and Parkinson’s disease, whose early manifestations may be
detected during ophthalmic examination [8, 9].

One promising area of molecular ophthalmology is the
study of tear fluid, which contains a wide range of proteins, lipids,
and metabolites reflecting the condition of ocular tissues. Omics
technologies such as proteomics, lipidomics, and metabolomics
enable analysis of tear composition and the identification of bio-
markers associated with various pathological conditions, includ-
ing dry eye disease (DED), diabetic retinopathy (DR), and inflam-
matory eye diseases [10, 11].

The development of bioinformatics and computational
methods for big data analysis has become an important driver of
progress in ophthalmic research. Specialized databases and ma-
chine-learning algorithms enable efficient analysis of omics data,
prediction of disease development, and the design of novel ther-
apeutic approaches [12, 13], while also accelerating the identifi-
cation of new drug targets [14].

This article reviews the major achievements and prospects
of omics technologies in ophthalmology, their impact on the di-
agnosis and treatment of ocular diseases, and the current chal-
lenges and future research directions in this field. The literature
review was based on a systematic search of publications from
2010 to 2025 in PubMed, ScienceDirect, and elibrary. The key-
words used were “omics technologies”, “ophthalmology”, “ge-
nomics”, “proteomics”, and “metabolomics”. Peer-reviewed arti-
cles addressing the application of omics technologies to the study
of ocular diseases such as glaucoma, AMD, DR, DED, and myopia
were selected. Articles containing outdated data or insufficiently
detailed methodology were excluded.
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4ecTBe KNHOYEBbIX C/I0B MCMONb30BaIUCh KOMMUKCHbIE TEXHOMOTUMNY,
«0pTaNbMOIOTNA», KTEHOMMKA», KNPOTEOMMUKA» U «KMeTaboNoOMUKa».
B pesynbTate 6bl1M 0TOBPaHbI peLeH3npyemMble CTaTbM, NOCBALLEH-
Hble NMPUMEHEHUI0 OMMKCHbIX TEXHONOTMIA AR U3yyeHus 3abone-
BaHWI Nas, TakMx Kak rmaykoma, BMZ, AP, CCT u muonua. CtaTb,
coAeprKalume ycrTapeslwme AaHHble UK HeLOCTaTOYHO AeTann3mpo-
BaHHbIE METOZbl, ObI/IM UCK/HOYEHDI.

OMMKCHbIE TEXHO/IOTUU B MEAULUHE

OMMKCHbIE TEXHONOTUU MO3BONAIOT NPOBOAWTL BCECTOPOHHMIA
aHann3 BMONOTMYECKMX NMPOLLECCOB HAa Pa3/IMYHBIX YPOBHAX OpraHu-
3aLMK KMBbIX CUCTEM. DTV NOAXOAbl MO3BONAOT UCCAEL0BATb MOAe-
KY/NIAPHbIE MEXaHW3Mbl, IeXallye B OCHOBE Pas/MYHbIX NaTonorye-
CKMX NpoLeccoB, U pa3pabaTtbiBaTb NepCOHANN3MPOBAHHbIE NOAXOAbI
K [MarHoCTVKe U feveHnto. OCHOBHbIMU HanpPaBAEHUAMM OMUKCHBIX
nccneoBaHUM ABAAIOTCA rEHOMMKA, TPAHCKPUNTOMMKA, MPOTEOMMKA
1 MeTaboNoOMMKa, Kaxkaas U3 KOTOPbIX BHOCUT 3HAUMUTENbHbIN BKAAL
B MOHWMaHWe PerynaTopHbIX U GYHKLIMOHAbHbIX OCOBEHHOCTE Ku-
BbIX CUCTEM.

FeHOMMKa 3aHMMaEeTCA U3yYeHWeM MOHOW FeHEeTUYEeCKON WH-
dopmaumn opraHusma, BKIoYas Bapuaummn OHK, kotopble moryT
PacKpbITb NPeAPacnoNoXKeHHOCTb K onpefenéHHbIM 3abonesaHu-
Am. CoBpeMeHHble MEeTOAbl CEKBEHUPOBaHWA, Takne Kak NGS (Next-
Generation Sequencing), NO3BONAIOT C BbICOKOW TOYHOCTbIO MAEH-
TUPULUMPOBATL MyTaLMK, CBA3AHHbIE C PUCKOM OHKOMOTUYECKMX,
AYTOMMMYHHbIX U CepAe"HO-COCYAUCTbIX NAaTONOMNIA, a TaKKe MOHO-
reHHbIx 3abonesaHuit [15]. Ocobyto posb UrpaeT NOAHOrEHOMHOE U
NOIHO3K30MHOE CEeKBEHMPOBAHME, KOTOPOE 3HAUUTENbHO YAYYLIMAO
[NarHOCTUKY pesikUX HaCNeACTBeHHbIX 60Ne3HeN, TaKUX KaK CUHAPOM
MapdaHa, MyKOBUCLMA03 M CEMENHAA runepxonecTepuHemus, no-
3BO/IAA HE TONbKO NOATBEPAUTL AMArHO3, HO M OLLEHUTb PUCK OCIONK-
HeHUM.

Ba)XHO OTMETWUTb U TaKoe HamnpaBieHne reHOMUKM Kak papma-
KOreHOMWKa, KOTOopasa M3y4yaeT BAUAHME TeHeTUYeckux $GakTopos Ha
3G dEKTUBHOCTb M 6E30MACHOCTb /IEKAPCTBEHHBIX MPEnapaTos, uTo
CnocobCTBYeT NepPCoHaNM3MpoBaHHOMY nogbopy Tepanuu [16]. Ha-
npvmep, aHanu3 mytauuii B reHax CYP2C19 u CYP2D6 no3sonseT Kop-
PEKTUPOBaTb A03MPOBKM aHTUAENPECCAHTOB U aHTUKOAryNAHTOB, YTO
noBblaeT 3GPEKTUBHOCTb JIEUEHNSA U CHUXKAET PUCK Pa3BUTUA MO-
604HbIX 3dPekToB [17, 18]. DapmaKoreHeTUYECKMIA aHaIM3 NOMOTaeT
NPOrHo3MpoBaTb 3GHEKTUBHOCTb TAPreETHOW Tepanuu Npu OHKOOU-
yeckux 3aboneBaHMAX, NPUMEPOM MOKET NOC/YKUTb UCMNONb30BaHNE
MMATUHUGA NPU XPOHUYECKOM MUeNonaHOM feikose [19] unm spno-
TUHMBA NpKU HEMeNKOKNeTOUHOM pake nérkoro [20]. Momumo 3Toro,
reHOMMKa BMPYCOB aKTUBHO M3y4aeTcs A1 MOHUTOPUHIA MyTaLmit
BMPYCOB, YTO OCOBEHHO BaXHO B YC/IIOBUAX NaHAEMMIA U pa3paboTku
HOBbIX BaKUMH [21, 22].

TpaHCKPUNTOMMKA HanpaBneHa Ha M3yyeHWe IKCMpeccuu re-
HoB. Mpu 3ToM aHanmsupytotea npodunm PHK, uto nossonset oueHu-
BaTb Pa3NuMA B TPAHCKPUMLMOHHOWM aKTUBHOCTM MEXY 340PO0BbIMU
1 NOPaXKEHHbIMM TKaHAMMW. TakMM 0bpa3om, UccaenoBaTeNM NoyYa-
0T BO3MOXHOCTb BbIABUTb MOIEKYNAPHbIE MeXaHU3Mbl 3aboneBaHui
W onpefenuTb NOTeHLMaNbHble TepanesTUyeckne mueHu. Cospe-
MEHHble TEeXHO/IOMMM, Takue Kak cekBeHupoBaHue PHK Ha yposHe
oTaeNbHbIX KneTok (SCRNA-seq), NpeaocTaBastoT LEeHHble AaHHbIE O
KNETOYHOM reTeporeHHOCTH, YTO 0COHEHHO BaXKHO MPU UCCNef0BAHUM
OnyXxoneBbIX NPOLLECCOB M YCTOMUYMBOCTM K IEKAPCTBEHHBIM Npenapa-
Tam [23]. Hanpumep, TpaHCKPUNTOMHbIV aHaAM3 OMyXoaein MONOYHOM
Kene3bl NO3BONAET KNACCUOULMPOBATD MX, UTO UTPAET BaXKHYHO POJib
B Bblbope Hanbonee apdekTMBHOM Tepanuu [24]. TakKe, pesynsTaTbl

OMICS TECHNOLOGIES IN MEDICINE

omics technologies enable comprehensive analysis of bi-
ological processes at different levels of organization of living
systems. These approaches allow investigation of the molecu-
lar mechanisms underlying various pathological processes and
the development of personalized diagnostic and therapeutic
strategies. The major areas of omics research include genomics,
transcriptomics, proteomics, and metabolomics, each of which
contributes substantially to understanding the regulatory and
functional characteristics of living systems.

Genomics focuses on the complete genetic information of
an organism, including DNA variations that may indicate a pre-
disposition to particular diseases. Modern sequencing methods,
such as next-generation sequencing (NGS), enable highly accurate
identification of mutations associated with cancer risk, autoim-
mune and cardiovascular diseases, and monogenic disorders [15].
Whole-genome and whole-exome sequencing play a particularly
important role and have significantly improved the diagnosis of
rare inherited disorders such as Marfan syndrome, cystic fibrosis,
and familial hypercholesterolemia, allowing not only diagnosis
confirmation but also assessment of complication risk.

Another important area of genomics is pharmacogenom-
ics, which investigates how genetic factors influence medication
efficacy and safety and thereby facilitates personalized therapy
selection [16]. For example, analyzing mutations in the CYP2C19
and CYP2D6 genes makes it possible to adjust dosages of antide-
pressants and anticoagulants, improving treatment efficacy and
reducing the risk of adverse effects [17, 18]. Pharmacogenetic
analysis also helps predict the effectiveness of targeted therapy
in cancer. Examples include imatinib in chronic myeloid leukemia
[19] and erlotinib in non-small cell lung cancer [20]. In addition,
viral genomics is used to monitor viral mutations, which is par-
ticularly important during pandemics and in developing new vac-
cines [21, 22].

Transcriptomics is focused on the study of gene expression.
Researchers analyze RNA profiles to assess differences in tran-
scriptional activity between healthy and affected tissues. This
enables researchers to identify disease-related molecular mech-
anisms and potential therapeutic targets. Modern technologies
such as single-cell RNA sequencing (scRNA-seq) provide valuable
information on cellular heterogeneity, which is particularly im-
portant in studies of tumor biology and drug resistance [23]. For
example, transcriptomic analysis of breast tumors allows their
molecular classification, which plays an important role in select-
ing the most effective therapy [24]. Transcriptomic findings may
also be applied in preclinical studies of novel medications and
dietary interventions for overweight using in vivo models. In ad-
dition, they may help identify clinical predictors and markers of
metabolic disorders in patients receiving personalized therapy
[25].

Proteomics investigates the protein composition of a cell or
organism, including protein structure, function, and post-trans-
lational modifications. Changes in protein profiles may indicate
various pathological processes. For example, proteomic analy-
sis of blood plasma from patients with Alzheimer’s disease has
identified proteins whose concentrations change during the early
stages of the disease [26]. In oncology, identifying protein bio-
markers such as prostate-specific antigen (PSA) in prostate cancer
[27] and CA-125 in ovarian cancer [28] improves diagnostic accu-
racy and clinical prognosis. Advances in mass spectrometry and
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TPAHCKPUMTOMHbBIX UCCNEA0BAHUN MOTYT BbITb NPUMEHEHbI B AOKM-
HWUYECKMX UCMbITaHUAX HOBbIX IEKAPCTBEHHbIX CPEACTB M METOL0B Ax-
eToTepanuu npu U3bbITOYHOM Macce Tena Ha in vivo mogensx. Kpome
TOro, OHW MOTYT MOMOYb B BbIABAEHUW KAMHWUYECKMX NPESUKTOPOB U
MapKEPOB MeTaboNMYECKUX PACCTPOMCTB Y NALMEHTOB, NONYYAOLLMX
NepcoHanM3npoBaHHyto Tepanuio [25].

MpoTeomuKa 3aHMMaETCA MUccnefoBaHMeM HenKoBOro cocTasa
KNEeTKN UNWN OpraHnM3ma, OLLeHUBAA CTPYKTYPY, PYHKLIMM U NOCTTPaHC-
NAUMOHHbIE MoaudUKaummn benkos. M3meHeHns B 6eskoBom npodu-
Nle MOTYT CNYXKUTb MHAMKATOPAaMM Pa3INYHbIX NMATONOMMYECKUX NPOo-
LleccoB. Hanpumep, NpOTEOMHbIV aHaU3 N1a3Mbl KPOBM NALMEHTOB
¢ 6onesHblo AnblLreimepa No3BO/IUA BbIABUTb OE/IKM, KOHLEHTPALIMA
KOTOPbIX U3MEHAETCA Ha paHHWX CTagusax 3aboneBaHus [26]. B oH-
KONOTUM MAeHTUOMKaLMA 6eNKoB-O6MOMApKEPOB, TakMX Kak PSA npwu
pake npoctatbl [27] u CA-125 npu pake AnYHMKOB [28], cnocobcTsy-
€T NOBbILIEHWUI0 TOYHOCTU AUATHOCTUKM U YNYULIEHWIO KNMHUYECKOTO
NporHo3a. Pa3suTne TEXHONOMUI MaCcC-CNEKTPOMETPUMN U aHANIUTUKK
6€e/1K0B NPOAO/KAET PACLLIMPATL BO3MOXKHOCTU NMPUMEHEHNA MpoTe-
OMUKM B MeauLMHE.

MeTabon0MMKa COCPESOTOEHA Ha U3YYEHUM MasibIX MOJIEKYI,
y4acTBYHOLLMX B BUOXMMUYECKMX NpoLieccax. MeTabonomHble uccne-
[l0BaHMA NO3BONAIOT He TONbKO BbIABAATL creuuduyeckne MapKepbl
[Nf paHHel AMarHOCTVKM, HO M NPOrHO3MPOBaTh TeueHue bonesHel,
a Takke oueHuBaTb 3ddeKTUBHOCTb Tepanuu. Hanpumep, aHanus
MeTabosmyeckoro npoduns nomoraet obHapyKMBaTb U3MEHEHMS,
accoLMMpPOBaHHble € caxapHbiM Anabetom Il TMna, yto cnocobeTsy-
€T CBOEBPEMEHHOMY BbIOOPY ONTUMA/IbHBIX METOA0B SedeHns [29].
B ractposHTeponorum MeTaboNoMHbIA NOAXOZ MCMoNb3yeTca AnA
NAeHTUOMKaLMM BUOMAPKEPOB BOCMANMUTE/bHBIX 3a60NEBAHNUI KK-
LIEYHMKA, TaknX Kak 6one3Hb KpoHa 1 A3BEHHBIV KOUT, @ TaKKe And
pa3paboTkM NepcoHaNU3MPOBAHHBIX AMETONOMMYECKUX CTpaTerui,
HanpaB/eHHbIX Ha yydLieHne cocToaHuA naumenTos [30, 31].

Takum 06pa3om, OMUKCHbIE TEXHONOTUM UTPAtOT BaXKHYHO PO/b
B UCC/Iel0BATE/bCKOM MpoLecce, 6aarofapa MHTErpaLmMy JaHHbIX Ha
PasHbIX YPOBHAX OPraH13aLymn BUONOTUYECKUX CUCTEM.

OMMUKCHbBIE TEXHO/IOTUU B OPTANIbMOJIOTUU

leHoMuKa. CoBpeMeHHble TeHOMHble UCCNefoBaHWA Hanpas-
JIeHbl Ha U3y4YeHne reHeTUYeCKUX GAKTOPOB, BAMAIOLLMX Ha Pa3BUTUE
MHOrvx 3a60n1eBaHuin, 0cOBeHHO NPUBOAALLMX K CNeMOoTe, TaKUX Kak
BMJ, rnaykoma, Katapakta, P. [lpumeHeHUe TEXHONOTUI CEKBEHU-
pOBaHMA HOBOFO MOKONEHWA MO3BOMIO 3HAYUTENbHO PACLIMPUTD
3HAHMWA O TeHETUYECKNX BapUaHTaX, CBA3AHHbIX C HACNeACTBEHHbIMM
3a60n1€BaHNAMM N33, U BbIABUTb KNtOUEBblE MONEKYNAPHbIE MeXa-
HW3MbI UX NaToreHesa.

Ocoboe BHMMaHWeE yaenaeTca MOMCKY TeHETUYECKUX MapKeé-
POB, NPEeLCKa3biBAOWMX PUCK Pa3BUTUA 3aboneBaHUA. B KpynHbIx
NONHOreHOMHbIX MccnefoBaHuax BM/ 6bino naeHTMdULMPOBaHO
6onee 60 reHeTUYECKMX BapMaHTOB, aCCOLMMPOBaHHBIX C 3abonesa-
HWeM. BbiABNeHHble BapMaHTbl PacroNoXeHbl B reHax, OTBEYAOLLLMX
3a perynaumio U GyHKLUM KOMNIEMEHTa, UMMYHHbIM OTBET, MeTa-
60/1M3M IMNNAOB, aHTMOTEHE3 U PEMOAENVPOBaHNE BHEKNETOUHOTO
MaTpuKca [32]. B reHeTUYECKOM MUCCNef0BaHUM NEPBUYHOW OTKPbI-
TOYronbHOM rnaykombl (OYT) 6bi10 BbifBAEHO 263 N0KYCa, CBA3AHHO-
ro C PUCKOM PasBUTUA AaHHOrO 3aboneBaHUA y UL, €BPOMNENCKOro
npoucxoxaenna n 312 nokycos Npu NpoBefeHWN aHanu3a B cme-
LIAHHOW 3THUYECKOI rpynne. ABTopamu BblgeneHo 69 noteHuuanb-
HbIX TEPANeBTUYECKMX MULLEHeW, Hanpumep, reH ENG, myTaumm Ko-
TOPOro CBA3aHbI C HapyLLeHeM GYHKLUK 3pUTENbHOTO HepPBa, a ero
MHTMBUTOP KapoTyKcMmab B HacToAllee BpemAa paccMaTpuBaeTcA

794

protein analytics continue to expand proteomics applications in
medicine.

Metabolomics focuses on the study of small molecules in-
volved in biochemical processes. Metabolomic studies enable not
only the identification of specific biomarkers for early diagnosis
but also the prediction of disease progression and the assess-
ment of therapeutic efficacy. For example, metabolic profile anal-
ysis can detect changes associated with type 2 diabetes mellitus,
facilitating timely selection of optimal treatment strategies [29].
In gastroenterology, metabolomic approaches identify biomark-
ers of inflammatory bowel diseases, including Crohn’s disease
and ulcerative colitis, and help develop personalized dietary strat-
egies to improve patient outcomes [30, 31].

Thus, omics technologies play an important role in biomed-
ical research by integrating data obtained at different levels of bi-
ological organization.

OMICS TECHNOLOGIES IN OPHTHALMOLOGY

Genomics. Modern genomic research aims to investigate
genetic factors that contribute to the development of numerous
diseases, particularly those leading to blindness, such as AMD,
glaucoma, cataract, and DR. Next-generation sequencing technol-
ogies have greatly expanded knowledge of genetic variants asso-
ciated with inherited eye diseases and helped identify key molec-
ular mechanisms underlying their pathogenesis.

Researchers are paying particular attention to identifying
genetic markers that can predict disease risk. Large genome-wide
studies of AMD have identified more than 60 genetic variants
associated with the disease. These variants are located in genes
involved in complement regulation and function, immune re-
sponse, lipid metabolism, angiogenesis, and extracellular matrix
remodeling [32]. In a genetic study of primary open-angle glau-
coma (POAG), researchers identified 263 loci associated with
disease risk in individuals of European ancestry and 312 loci in
a multiethnic analysis. The authors identified 69 potential ther-
apeutic targets, including the ENG gene, mutations in which are
associated with impaired optic nerve function, while its inhibitor
carotuximab is currently being considered as a potential treat-
ment for neurodegenerative ophthalmic diseases. The TEK gene,
whose mutations are associated with congenital glaucoma, was
also identified [33].

A recent meta-analysis of genome-wide association stud-
ies identified 22 genetic variants associated with normal-tension
glaucoma, 17 of which were reported for the first time. The au-
thors drew particular attention to the BMP4 and TBKBP1 loci,
which they identified as potentially involved in the pathogenesis
of the disease [34]. In another study, the authors identified 17 sin-
gle-nucleotide polymorphisms associated with glaucoma devel-
opment through pathogenic mechanisms unrelated to elevated
intraocular pressure [35]. A meta-analysis of diabetic retinopathy
studies demonstrated that findings from genome-wide associa-
tion studies are often not confirmed in independent replication
studies, reducing the reliability of such associations. The authors
demonstrated a role of the TCF7L2 gene in the pathogenesis of
DR through regulation of retinal neovascularization and through
pharmacological responses to glucose-lowering medications [36].

Genomics is also actively used to investigate the heritabili-
ty and molecular mechanisms of myopia. Studies show that the
heritability of myopia may reach 90-98%, whereas currently iden-
tified variants explain only 20-25% of genetic variability [37]. This
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KaK npenapar A4a Tepanuu HelposereHepaTUBHbIX 0GTabMONOTU-
yeckux 3abonesaHuii. Takke 6bln MAEHTUOULMPOBAH reH TEK, MyTa-
LM KOTOPOTO CBA3aHbl C BPOXKAEHHOW raykomoit [33].

B HepaBHem MmeTaaHanu3e MOAHOFEHOMHbIX WCCNeA0BaHWIA
6bl10 0OHapyKeHO 22 reHeTUYeCKMX BapuaHTa, acCoLMUMPOBAHHbBIX
C [/1ayKOMOW HOPManbHOTO [aBneHus, U3 KoTopblx 17 6biau onu-
caHbl Bnepsble. OcobOro BHMMaHWUA 3aCNyKMBAKT NOKYCbl BMP4 n
TBKBP1, KoTopble Obiv BblAENEHDI KaK UrpatolimMe posb B maTore-
He3e 3aboneBaHusa [34]. B apyrom nccnegoBaHUmM aBTopbl BbIABUAN
17 ofHOHYKNEOTUAHbIX NONMMOPOU3MOB, CBA3AHHBIX C Pa3BUTHEM
I71ayKOMbl Yepes MaToreHeTUYecKMe MeXaHW3Mbl, He CBA3aHHble C
MOBbIWEHHbIM BHYTPUIMA3HbIM AasneHuem [35]. B npoBes&HHOM
MeTaaHann3e BblN0 YCTaHOBNEHO, YTO PE3yNbTaTbl MONHOFEHOMHbIX
nccnefoBaHuin ana 1P 4acto He NMOATBEPXKAAOTCA HE3ABUCHMbIMU
PEenIMKaLMOHHBIMM UCCNeL0BAHUAMM, YTO CHUMKAET UX JOCTOBEp-
HOCTb. ABTOpPbI NOKa3anu ponb reHa TCF7L2 B natoreHese [P yepes
perynauuio HeOBaCKYNAPU3aLLIMM CETUATKM, A TaKKe Yepe3 daKkmaKo-
JIOTUYECKMIA OTBET Ha TMMOMMKeMUYecKMe Npenapatsl [36].

TeHOMMKa TaKKe aKTUBHO UCMOb3YeTca ANA U3yYeHUsA Hacnes-
CTBEHHOCTM U MONEKYNAPHbIX MeXaHW3MOB M1onun. MccnepgoBaHua
NMoKasanu, 4To HacaeayemocTb MUonNuM MoxKeT gocturate 90-98%,
npu 3TOM TobKo 20-25% reHeTUYecKov M3MEeHYMBOCTM 0BBACHAIOT-
A BbIABAEHHbIMM BapuaHTamu [37]. 3To yKasblBaeT Ha 3HaUUTENb-
HYIO PONb PefKUX FeHEeTUYeCKUX Bapuauuii U BAWAHWA (aKTOpPOB
OKpY)KaloLLLel cpesbl, Takux Kak paboTa Ha 6/M3KOM paccToAHUM U
ypoBeHb 06pa3oBaHusA. OCHOBHbIE MOJIEKYNAPHbIE NYTU, CBA3AHHbIE
C MUONWEN, BKIOYAIOT PEMOAENNPOBAHMNE BHEKIETOYHOMO MATPUK-
Ca CKNepbl, perysiMpytoLLEero pa3BuTHeE I1asHoro AbokKa.

[eHOMHble faHHble TaKXKe UCMO/b3YKTCA B reHoTepanuu ans
NleYeHWs HacNeACTBEHHbIX 3aD0/1E€BaHMI CETYATKM, TaKMX Kak amas-
po3 Jlebepa. BHeapeHMe HOPManbHbIX KONUIA FeHOB C NOMOLLLbIO BU-
PYCHbIX BEKTOPOB NPUBENO K 3HAUMTENBHOMY Y/YULIEHUIO 3PEHUA Y
NauMeHTOB, LEMOHCTPUPYA NOTEHLMAN TEeHOMMKU B Tepanumn paHee
Heusneynmblix 3abonesannii [38].

MpoTeomuKa No3BONAET TOYHEE NMOHATD MEXAaHU3MbI U3MEHE-
HWii B 6€1KOBOM COCTaBe TKAHEN U KUAKOCTEN [N1a3a, NPOUCXOAALLMX
npu NaToNOrMYECKMX NPOLLeCcax UAU Nog, BAMAHUEM Tepanuu. Cnesa
ABNAeTCA yaobHbIM GoMaTepUanom A1 uccneoBaHuii, bnarogaps
HeWHBa3nBHOMY 3a60py U HU3KOMY coaepKaHNI0 GOHOBbIX HeNKos,
yTo ob/ieryaeT NOMCK MapKképoB. Ha ceroaHn nssectHo 6onee 1600
NPOTEMHOB CNeE3bl, U CPean Hanbonee YacTo BCTPEYAOLLMUXCA — UM-
MyHOTNI06y/IMH A, NakTOPeppuH, NUNOKaNNH-1 U NPONAKTUH-MHAY-
LMpyeMmblit 6ENOK, UrpatoLLMe K/THOUEBbIE PO/IU B 3aLUUTE U yBNAKHE-
HWM rNa3HON noBepxHocTK [39].

MccnepoBaHua npoteoma npu nepsuyHoi OYT nokasanu 3Ha-
YMTeNbHblE M3MEHEHWA B COCTaBe CNE3HON KMAKOCTM W BAaru ne-
pefHei Kamepbl. Ha paHHWX cTaguax 6onesHn B cnese BbIABAAIOT
MOBbILWEHHbIN YPOBEHb BOCMANUTENbHbLIX BENKOB, TakMx Kak S100
[40]. OaHako Bonee LEHHbIM MaTepuanom As aHaansa cunTaeTcs
B/lara nepegHel Kamepbl, KOTOpPas HaMPAMYIO KOHTaKTUPYeT C ape-
Ha)KHOM cucTemol rmasa. [POTEOMHbIN aHanu3 Bnarv nepeaHen
Kamepbl y MauueHToB C nepauyHoi OYI BbIABMA Takue KatoueBble
NpOoTenHbI, Kak anosunonpoTenHsl D (APOD), A4 (APOA4), E (APOE),
C1 (APOC1) 1 C3 (APOC3), KoTOopble TaKXe NPUCYTCTBYIOT B CETYATKE
1 CTEKNIOBUAHOM Tene Npu rayKome, YTo AenaeT Ux nepcreKkTUBHbI-
Mu Bromapképamu [41]. MomyMmO anosMNoONpPOTENHOB, BO Bare
nepeaHei Kamepbl BbiABAEHbI U Apyrue Besku, cBA3aHHble ¢ naTore-
He30Mm rnaykombl. Hanpvmep, Habntoganock HakonieHve 6eTa-amu-
nouaa (AB), cBAizaHHOrO ¢ pa3BuUTMEM bonesHu Anbureimepa.

Y NauMEeHTOB C KaTapaKToMN BO B/iare nepesHei Kamepbl 6b110
onpeaeneHo Hanuune 44 6enKoB, TaKUX Kak 0-KPUCTAAAUH A, LuTO-

suggests a substantial contribution from rare genetic variants and
environmental factors such as near work and educational expo-
sure. The major molecular pathways associated with myopia in-
clude remodeling of the scleral extracellular matrix, which regu-
lates ocular growth.

Genomic data are also used in gene therapy for inherited
retinal diseases such as Leber congenital amaurosis. Introducing
normal copies of genes using viral vectors has substantially im-
proved vision in affected patients, demonstrating the potential of
genomics to treat previously incurable diseases [38].

Proteomics provides a more detailed understanding of
changes in the protein composition of ocular tissues and fluids
occurring during pathological processes or in response to ther-
apy. Tears are a convenient biological material for research be-
cause they can be collected non-invasively and contain relatively
low levels of background proteins, facilitating biomarker discov-
ery. To date, researchers have identified more than 1,600 tear
proteins. Among the most abundant are immunoglobulin A, lac-
toferrin, lipocalin-1, and prolactin-inducible protein, all of which
play important roles in protection and lubrication of the ocular
surface [39].

Proteomic studies in POAG have demonstrated substantial
changes in the composition of tear fluid and aqueous humor. At
early stages of the disease, elevated levels of inflammatory pro-
teins, such as S100, have been detected in tears [40]. However,
aqueous humor is considered a more valuable material for analy-
sis because it is in direct contact with the ocular drainage system.
Proteomic analysis of aqueous humor from patients with POAG
identified key proteins such as apolipoproteins D (APOD), A4
(APOAA4), E (APOE), C1 (APOC1), and C3 (APOC3), which are also
present in the retina and vitreous humor in glaucoma, making
them promising biomarkers [41]. In addition to apolipoproteins,
other proteins associated with glaucoma pathogenesis have been
identified in aqueous humor. For example, accumulation of be-
ta-amyloid (AB), which is associated with the development of Alz-
heimer’s disease, has been observed.

In patients with cataract, researchers identified 44 proteins
in the aqueous humor, including a-crystallin A, cytokeratins, and
B-crystallins [42]. These proteins are normally components of the
crystalline lens but appear in the aqueous humor as the disease
progresses because the lens structurally degrades [43].

Recent studies have shown that clusterin in aqueous hu-
mor may serve as a biomarker of AMD progression, with elevat-
ed levels detected in patients with the neovascular form of the
disease. Proteomic analysis identified 39 proteins associated with
neovascularization, including factors involved in lipid metabolism,
oxidative stress, and angiogenesis; patients resistant to anti-VEGF
therapy showed increased VEGFR-1 levels. Exosome analysis also
demonstrated accumulation of APOA1, clusterin, and comple-
ment C3 in patients with AMD. In contrast, reduced levels of plas-
minogen activator inhibitor (SERPINA1) and zinc-alpha-2-glyco-
protein (AZGP1) were proposed as potential markers of response
to anti-VEGF therapy [44].

Proteomics also contributes to assessing treatment efficacy.
For example, analysis of tear fluid after cyclosporine A therapy for
DED revealed changes in 54 proteins associated with immune re-
sponses [45]. In patients with proliferative DR, ranibizumab thera-
py was associated with changes in the expression of 38 proteins in-
volved in immune processes and circadian rhythm regulation [46].

Metabolomics, as an approach for studying metabolites in
biological systems, has substantially contributed to understan-
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KepaTuHbl, B-KpUcTanauHbl [42]. 9TM NpoTeMHbI M3HAYaNbHO BXOAAT
B COCTaB XPYCTa/IMKa, HO MPU MPOrpeccupoBaHnm 3abonesaHus no-
ABNAIOTCA B BOAAHWUCTOW BNare B pe3y/ibTaTe paspyLUEHNUs ero CTpyK-
Typbl [43].

HepasHue vccnenoBaHWsA Nokasanu, KNacTepuH B BOAAHUCTOM
Bnare MoxeT ObiTb GMOMapKEépom nporpeccuposaHna BMU, ero
YPOBeHb Obl/1 NOBbIWEH Y MALMEHTOB C HEOBACKY/NspHON dopmoit
3aboneBaHuA. [POTEOMHBI aHau3 BbiABKUA 39 6e/KoB, CBA3AHHDIX
C HeoaHrvMoreHesom, BK/OYas GaKTOpbl AUMNUAHOrO metabonus-
Ma, OKUC/IMTENbHOTO CTpecca U aHrnoreHesa; nosbiweHne VEGFR-1
6bl10 OTMEYEHO Y MALMEHTOB, YCTOMUMBBIX K Tepanuu aHTU-VEGF.
AHanu3 3K30coM TakKe nokasan HakonneHne APOAL, knactepuHa
1 KomniemeHTa C3 y nauneHToB ¢ BM/, a CHUMKeHUe UHrMbuTOpa
aKTMBaTopa nnasmuHoreHa (SERPINAL) u umHK-anbda-2-rnkonpo-
TenHa (AZGP1) npeanaranoch B Ka4ecTBe NOTEHLMANIbHOMO MapKépa
adpdeKTMBHOCTM aHTU-VEGF Tepanuu [44].

MpoTeoMUKa TaKKe NoMoraet oLeHWBaTb 3GGEKTUBHOCTb Ne-
YyeHua. Hanpumep, aHann3 CNE3HOM KUAKOCTU NOCNe NPUMEHEHMA
umKnocnopuHa A npu neveHnm CCI BbIfaBUN U3MEHEHUA B 54 besKax,
CBA3AHHbIX C UMMYHHbIM OTBeTOM [45]. Y naumeHToB ¢ nponndepa-
TMBHOW [P nocne Tepanuun paHMbrnsymabom HabaoaannCb U3MeHe-
HUA B 3Kcnpeccuu 38 6eNKOB, Y4aCTBYHOLLMX B UMMYHHbBIX NpoLeccax
N perynaumm ULMpKagHoro putma [46].

MeTtabonomuka, Kak METOZ MCCAefoBaHUA MeTabonuToB B
6MONOTMYECKUX CUCTEMAX, OKa3blBAET 3HAUYUTENbHOE BAMUAHWE Ha
MOHYMaHWe MEXaHW3MOB Pas/IMYHbIX 3aboneBaHuii ras. OAHON U3
0COBEHHOCTEN NMPUMEHEHNA METabONIOMUKM B OPTaNIbMOOTMMN SB-
NAETCA HANMYME YHUKANBHOTO COCTaBa MeTaboNNTOB B I1a3HbIX TKa-
HAX, KOTOPbI OT/IMYaeTca OT obLiero obmeHa BeLLecTs B OpraHus-
Me. 3T NO3BONAET UCCNEL0BATb /I0Ka/IbHble 0OMEHHbIE NPOLECChI,
KOTOpble B MEHbLUEN CTENEHU NOABEPIKEHbI BIUAHUIO HA HUX Opra-
HM3Ma B LienoM. BaxkHo 3agauelt ABNAeTCA onmMcaHne HOPMaabHOro
cocTaBa MeTabonWTOB B cpefax rnasa. B HelaBHUX UcCne0BaHUAX,
Hanpvmep, 6bi10 MaeHTUOMLMpPoBaHO bonee 60 metabonuTos B
CNE3HOMN XuaKocTu. Cpeam HUX — aLUMUAKAPHUTUHBI, aMUHOKMUCNOTDI,
6voreHHble aMuHbl U rnuepodochonunuabl [47]. 3Tn BelecTsa
UrpatoT BaXKHYIO PO/b B NMOALEPHKAHUM CTPYKTYPbI KNETOUHBIX MEM-
6paH 1 0bmeHe BeLLeCTB B 1/1a3y.

MccnenoBaHWA MOKasanuM 3HauUTeNIbHOE YBEeNUYEHWE KOH-
LLeHTPaLMKM [1I0KO3bl, NaKTaTa U KpeaTWHa B CNE3HOMN MWMAKOCTU Y
nauueHToB ¢ CCl, YTo CBUAETENbCTBYET O NOBbILUIEHHON aKTUBHOCTH
sHepreTMyeckoro obmeHa. 3apuKcMpOBaHO BO3pacTaHWe YpOBHEN
A6104HOMN M MONIOYHOI KUC/IOT, @ TaKKe NMPyBaTa, YTo YKa3bIBaeT Ha
aKTUBALMIO NPOLIECCOB IMMKON3A U TNIOKOHeoreHesa. AHanus npo-
TeoMa BbISIBU YCU/IEHWE CUHTE3a GepMEHTOB [IMKONU3a, BKOYAA
anbda-sHonasy, pocdornmuepaTknHasy n anbaonasy A. Takke bbiio
YCTaHOB/IEHO aKTUBHOE GOPMUPOBAHME AMUHOKUCIOT U UHTEHCUB-
HbI MeTabonnam rnyTaTmoHa [48].

OcHoBHOM MeTabonuyeckol ocobeHHOCTblo nepsuyHon OYT
ABNAETCA HAapyLIEHWEe aMUHOKMUCAOTHOTO 06MeHa. OcobeHHO BakHa
pONb aprMHUHA, YYacTBYHOLLEro B CMHTE3e OKCMAA a30Ta, KOTOpbIi
perynvpyet AUHaAMWUKY BHYTPUINIA3HOW XMAKOCTU, KDOBOTOK M anon-
TO3 FaHMMO3HbIX KNETOK CeTYaTKU. TakKe Oblan BbIABAEHbI HapyLUe-
HUA MeTabosmsama BMOTMHA U CUHTE3a CMEPMUAMHA U CNEPMUHA,
CBA3aHHbIX C QYHKLMOHUPOBAHUEM MWUTOXOHAPWUIA M anonTO30M.
Cpeay 61oOMapKEPOB rMayKOMbl CTOUT OTMETUT [IMLIMH, BAUAIOLLWIA
Ha HeMPOTPAHCMUCCUIO M OKMCAUTENbHbIN cTpecc [49].

MeTabonomunKa akTMBHO MCNONb3YETCA U AN1A AMArHOCTUKK [IP.
MeTabon13mM aMUHOKMCNOT UrPaeT BaKHYIO POb B 3alluTe SHAOTe-
NManbHbIX Knetok npu AP. AHann3 meTabonnToB B CTEKIOBUAHOM
Tesnle NOKasas CHUMXKEeHWe YPOBHeW NPOMENKYTOUHbIX NPOAYKTOB K-
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ding the mechanisms of various ocular diseases. One distinctive
feature of metabolomics in ophthalmology is the unique metab-
olite composition of ocular tissues, which differs from systemic
metabolism. This makes it possible to investigate local metabol-
ic processes that are less influenced by the body's overall met-
abolic status. An important objective is to characterize the nor-
mal metabolite composition of ocular fluids and tissues. Recent
studies, for example, have identified more than 60 metabolites in
tear fluid, including acylcarnitines, amino acids, biogenic amines,
and glycerophospholipids [47]. These compounds play important
roles in maintaining cell membrane structure and ocular metab-
olism.

Studies have shown significantly increased concentrations
of glucose, lactate, and creatine in the tear fluid of patients with
DED, suggesting increased energy metabolism. Elevated levels of
malic acid, lactic acid, and pyruvate have also been reported, in-
dicating activation of glycolysis and gluconeogenesis. Proteomic
analysis revealed increased synthesis of glycolytic enzymes, in-
cluding alpha-enolase, phosphoglycerate kinase, and aldolase A.
Increased amino acid synthesis and intensified glutathione me-
tabolism were also observed [48].

A major metabolic feature of POAG is altered amino acid
metabolism. Arginine is particularly important because it is in-
volved in nitric oxide synthesis, which regulates aqueous humor
dynamics, ocular blood flow, and apoptosis of retinal ganglion
cells. Disturbances in biotin metabolism and in the synthesis of
spermidine and spermine, which are associated with mitochon-
drial function and apoptosis, have also been identified. Glycine,
which affects neurotransmission and oxidative stress, should also
be considered a potential biomarker of glaucoma [49].

Metabolomics is also actively used in the diagnosis of DR.
Amino acid metabolism plays an important role in protecting en-
dothelial cells in this disease. Analysis of vitreous metabolites has
demonstrated reduced levels of glycolytic intermediates such as
glyceraldehyde-3-phosphate and 2/3-phosphoglycerate, indicat-
ing impaired cellular energy metabolism that may contribute to
retinal hypoxia. These metabolites may therefore serve as bio-
markers for diagnosing and treating DR [50].

Transcriptomics. Single-cell RNA sequencing (scRNA-seq)
is widely used to investigate cell types in the human and labo-
ratory animal retina, retinal pigment epithelium, and choroid.
This method is also applied to studies of the anterior segment of
the eye, including the cornea, conjunctiva, iris, ciliary body, lens,
and trabecular meshwork. For example, transcriptomic analysis
of these structures has provided unique data on limbal stem cell
populations and their role in maintaining corneal and conjuncti-
val homeostasis [51].

Transcriptomic studies have revealed disease-specific
changes in gene expression across a range of ocular disorders.
For example, models of retinitis pigmentosa have demonstrated
photoreceptor degeneration, activation of immune responses
and glial cells, and impaired neurogenesis [52]. In AMD, altered
expression of genes involved in angiogenesis and cholesterol me-
tabolism has been identified [53], whereas in DR, transcriptomic
changes have been associated with oxidative stress [54]. These
findings provide deeper insight into the molecular mechanisms
underlying the pathogenesis of these disorders.

In addition, transcriptomics is widely used to investigate
gene expression in the corneal epithelium of patients with ker-
atoconus, retinal ganglion cells in glaucoma, the developing lens,
and rod and cone photoreceptors. Such studies have enabled the
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KONM3a, TakMX Kak munuepanbaerna-3-docdart v 2/3-pocdornmuepar,
YTO YKa3blBAeT Ha HapyLeHUs B SHEPreTMYECcKOM OBMeHe KNETOK,
NPUBOAALLMX K TMMOKCUM CETYATKU. 3T MeTabonuTbl MoryT ObITb MC-
No/1b30BaHbI Kak BMOMapPKEPbI ANA AMArHOCTUKM U neveHwus [P [50].

TpaHckpunTomuka. MeTog, cekBeHMpoBaHua PHK eanHUYHbIX
Knetok (SCRNA-seq) aKTUBHO MCMO/b3YeTCA AN1A U3Y4YEHWA KIeTou-
HbIX TUMOB CETYATKU, MUTMEHTHOTO 3NUTEIA CETYATKM U COCYANCTOM
060/104KM a3a y YenoBeka W y NabopaTOpHbIX KMBOTHbIX. ITOT
METOZ, TaKKe MPUMEHAETCA ANA UCCNef0BaHUA NepefHero oTpes-
Ka rnasa, BKNIOYAA POTOBULYY, KOHBIOHKTUBY, Pafly}KKy, LuavapHoe
Teno, XpycTanuk u TpabekynapHyto cetb. Hanpumep, aHanu3 TpaHc-
KPUNTOMA 3TUX CTPYKTYP MO3BOAWA NONYYNUTb YHUKA/bHbIE AaHHble
0 NONYNALMUAX CTBOMOBbIX KNETOK IMMba U UX POY B MOAAEPKAHNM
rOMeocTasa POroBULbl U KOHBIOHKTMBBI [51].

TPaHCKPUNTOMHbIE UCCNEAO0BAHMUA BbIABUAM U3MEHEHMA IKC-
npeccumn reHoB Npu pPasnMyHbIX 3abonesaHnax mas. Hanpumep, npu
MOZENAX MUFMEHTHOTO PeTUHWUTA BblAn 3adUKCUPOBaHbI AereHepa-
TVBHbIe NpoLiecchbl B GoTopeLienTopax, akTMBaLIMA MMMYHHOIO OTBe-
Ta M [IMaNbHbIX KNETOK, a TaKKe HapylweHus HeliporeHesa [52]. B
cnyyae BM/ obHapyKeHa aKTUBHOCTb F€HOB, CBA3AHHbIX C aHr1ore-
He3oMm, meTabosmamom xonectepuHa [53], a npu P — ¢ okucautens-
HbIM cTpeccom [54]. 3Tv faHHble NOMOTatoT IMy6Ke NOHATb MONEKY-
NAPHble MeXaHW3Mbl NaToreHesa AaHHbIX 3a60n1eBaHUi.

Kpome TOro, TpaHCKpPUNTOMMKA aKTUBHO NPUMEHAETCA ANA
M3YyYEeHUA SKCMPECCUM TeHOB B SMUTENM POrOBULbI Y NALMEHTOB C
KepaTOKOHYCOM, B FaHIIMO3HbIX KAETKaX CEeTYaTKM Npu r1aykome, B
npoLecce pa3BUTUA XPYCTaNNKa, @ TAK¥KeE B NasI0UKOBbIX U KONBOYKO-
BbIX poTopeLenTopax. Takne nccnefoBaHnA NO3BOANAN NAEHTUDU-
LlMpOBaTb HOBbIE reHbl, BOB/IEYEHHbIE B Pa3BUTHe odTabmonornye-
CKUX 3a60/1€BaHUIA, KNIOYEBbIE CUTHA/IbHBIE MYTU U NOTEHLMA/bHbIE
TepaneBTUYeCKNE MULLEHM.

TpaHCKPMNTOMMKA MMEET OrPOMHbI MOTEHLMAN B NPOrHO3M-
poBaHMKM NpOrpeccMpoBaHuna 3aboneBaHUit U OTBeTa Ha JeyeHue.
AHanu3 npodwunei sKCMpeccMn reHoB NO3BONAET BbIABAATL M3Me-
HeHMsA, CBA3AHHble C NporpeccMpoBaHMem 6one3Hel, TakuMx Kak
ZereHepauua $oTopeLenTopos, MeTabosMyYeckue CABWIM, aKTU-
BaLMA UMMYHHOrO OTBeTa W FMUabHbIX KNeTok. Hanpumep, TpaHc-
KPUNTOMHBbIV @HaNN3 BbIABU FeHbl, aCCOLMMPOBAHHbIE C IeYEHNEM
reorpaduyeckoit atpodumn npenapaTom MerueTakonnaH, BKAOYas
M3MEHEHUA B COCTOAHUM MUTMEHTHOTO 3NUTENNA CeTYaTKK, LenocT-
HOCTM GpoTOpeLLenTopoB U runeppedaeKTUBHbIX 04aros.

TakKe TPaHCKPUNTOMHbIE UCCNef0BaHNA NO3BONAIOT HAXOAUTb
B6roMapKEpbl AR AMArHOCTUKM U NporHosa nevyenus. Cneuuduye-
CKME M3MEHEHWA 3KCMPeccMn reHoB, Hanpumep, B CeTYaTKe, MOryT
ObITb acCOLMMPOBAHbI C NporpeccupoBaHvem [P. 3To OTKpbiBaeT
nepcneKkTBbl NePCOHANIM3NPOBAHHON MeAULIMHBI: aHANN3UPYA WH-
AMBMUAyanbHble NPOOUAN SKCNPECCUU TEHOB, BPauu CMOTYT TOUYHEe
NpOrHo3MpoBaTh TeyeHWe 3abonesaHusa M noabupatb Haubonee
apdeKTMBHOE NleyeHmne. TakoW noaxos Nos3sosaseT paspabaTbiBaTb
NepcoHasIM3MPOBaHHbIE CTPATErMn NeYeHUa, OCHOBAHHbIE Ha YHU-
KaNbHOM MO/IEKYNAPHOM Npoduie nauueHTa.

Kpome TOro, pesynbTaTbl TPaHCKPUMNTOMHbIX MCCAeA0BaHWIA
MOHO NOATBEPKAATb C MOMOLLbIO FEHETUYECKMX aCCOLMALMOHHBbIX
nccnefoBaHMi. 3To NOMOraeT yyLle NOHATb NPUYNMHHO-CNeACTBEH-
Hble CBA3W U OTAENUTb UX OT NPOCTbIX Koppenauuit. OgHako cylle-
CTBYET pAJ, C/IOXKHOCTEN, TaKUX Kak OrpaHWYeHHble pasmepbl Bbi6O-
POK, Hannune GakTOPOB, CBA3AHHBIX C ANIUTENbHOCTbIO 3ab01eBaHUA
VNN NeYeHUA, YTO MOXKET YCNOMHATb aHaiU3 TPAHCKPUMTOMHbIX
[aHHbIX.

identification of novel genes involved in ocular disease, key sig-
naling pathways, and potential therapeutic targets.

Transcriptomics also has considerable potential for pre-
dicting disease progression and treatment response. Analysis of
gene-expression profiles can identify molecular changes associ-
ated with disease progression, including photoreceptor degener-
ation, metabolic alterations, and activation of immune and glial
responses. For example, transcriptomic analysis has identified
genes associated with the response to pegcetacoplan therapy for
geographic atrophy, including changes related to retinal pigment
epithelium status, photoreceptor integrity, and hyperreflective
foci.

Transcriptomic studies can also facilitate the identifica-
tion of biomarkers for diagnosis and prediction of treatment re-
sponse. Specific changes in retinal gene expression, for example,
may be associated with the progression of DR. This creates op-
portunities for personalized medicine, as analysis of individual
gene-expression profiles may enable clinicians to predict disease
course more accurately and select the most effective therapy.
Such an approach may support the development of personalized
treatment strategies based on the individual molecular profile of
each patient.

Furthermore, transcriptomic findings can be complement-
ed and validated by genetic association studies. This may help
clarify causal relationships and distinguish them from simple cor-
relations. However, several challenges remain, including limited
sample sizes and confounding factors related to disease duration
and previous or ongoing treatment, which may complicate the in-
terpretation of transcriptomic data.

CONCLUSION

Over the past decade, omics research has expanded rapidly
in ophthalmology, particularly in the field of genomics. AMD and
glaucoma are among the most extensively studied ocular diseas-
es. Large-scale genome-wide studies have improved our under-
standing of disease heritability, which is particularly important for
multifactorial disorders. However, for many ophthalmic diseases,
the potential of genome-wide studies remains limited by relative-
ly small sample sizes. At present, predictive models are most of-
ten based primarily on genetic and environmental factors. How-
ever, incorporation of a broader range of omics data is expected
to improve their predictive performance. Integration of multi-om-
ics data may also provide a more comprehensive understanding
of pathogenetic mechanisms, which is especially important in
multifactorial diseases. This approach has already demonstrated
substantial value in oncology, suggesting that omics technologies
may likewise contribute significantly to improving the diagnosis
and treatment of ocular diseases.
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3AKNIOYEHUE

3a nocnesHee gecatunetne B 0GTaNbMONOrUM AaKTUBHO Pa3BU-
BaOTCA OMMKCHbIE UCCNe0BaHMA, 0COBEHHO B 06/1aCTV TEHOMUKM.
Cpeayn Havbonee UsydYeHHbIX NATONOTUIA MOXKHO OTMeTUTb BMZ, n
rnaykomy. [poBeAEHHblE LWMPOKOMACLITAOHbIE MOJHOTEHOMHbIE
nccnegoBaHUA MO3BOAMAM Nlydlle OLEHWUTb HacneayemocTb, YTO
0COBEHHO BaXKHO A/1A MHOrOMaKTOpHbIX 3aboneBaHuii. K coxane-
HUIO, AN MHOMMX 0TaNbMONOTMYECKUX MATONOMMM BO3MOXKHOCTH
MONHOrEHOMHbIX MCCEe0BaHUI NOKa OrpaHUYeHbl BCIeACTBUE He-

60nbLLI0ro pasmepa BbIGOPKU. Yalle BCEro NPOrHOCTUYECKe Mogae-
NI B OCHOBHOM CTPOATCA HA OCHOBAHUMW FEHETUYECKMX U CPeA0BbIX
$aKTOpOB, OAHAKO BK/HOYEHME BO/bLIEr0 KONMYECTBA OMMKCHbBIX
[LaHHbIX JOMIKHO MOBbLICUTb NPOTHOCTUYECKYH MOLLHOCTb TaKUX MO-
fenei. HTerpauma OMMKCHbBIX JaHHbIX MO3BOAWUT yGKe MOHATb
MaTOreHeTUYeCcKMe MEXaHU3Mbl, YTO OCODEHHO BaXHO ANA MHO-
ropakTopHbIX 3ab0neBaHNi. TakoM NOAXOL YXKe NOKasan CBot 3¢-
(bEKTUBHOCTb B M3yYeHUU OHKONOTMYECKMX 3ab0/1eBaHMIA, NMO3TOMY
OMMKCHbIE TEXHOIOTMM MOTYT 3HAUUTENbHO YAYYLIUTD AUATHOCTURY
¥ NeyeHve 3a6oneBaHNM 11as.
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