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Anotacija

Katarakta ir multifaktoriala slimiba un viens no galvenajiem akluma c€loniem pasaulg.
Tas patogenéze ir ciesi saistita ar oksidativa stresa inducétu redoksbalansa zudumu, proteinu
agregaciju, vielmainas celu parstrukturéSanos un energétiskas homeostazes traucjumiem.
ST pétijuma mérkis bija izvertét intraokulara skidruma metabolita profila izmainas pacientiem
ar dazadu kataraktas brieduma pakapi, ka ar1 analizét biometriskos datus — prieksgjas kameras
tilpumu (ACV), dzilumu (ACD) un to potencialo saistibu ar [ecas cietibu.

Metabolomikas analizé tika konstatéts, ka pacientiem ar cietakam kataraktam
raksturigas izmainas mitohondriju B-oksidacijas produktos, tostarp palielinata acilkarnitinu
akumulacija un samazinata glutationa (GSH) pieejamiba. Taurins ka neproteinogéna
aminoskabe un biitisks intraokularais osmolits sekm& GSH uznemsanu §tinas un stabiliz€ Sunu
redokssisttmu. Ar vecumu taurina koncentracija samazinas, kas korelé ar oksidativa stresa
pieaugumu un kataraktas progresiju.

Lai gan biometriskie parametri, pieméram, ACV un ACD, kopuma neuzradija statistiski
nozimigu korelaciju ar 1&cas cietibu, pacientiem ar pseidoeksfoliacijas sindromu (PEXS) tika
noverotas izteiktas strukturalas atSkiribas — samazinats ACD, ACV un acs ass garums.
Sie parametri liecina par paaugstinatu priek$gja segmenta nestabilitati un lielaku intraoperativo
komplikaciju risku. Tika validéta ar jauna formula ACV aprékinaSanai, izmantojot WTW,
CCT un ACD, kas lauj precizi noteikt ACV bez dargas aparatiiras.

P&tijuma rezultati atklaja butiskas izmainas triptofana metabolisma un kinurenina cela
aktivaciju, kas korele ar GSH deficitu, NAD* pieejamibu un oksidativa stresa markieru
piecaugumu. Sis izmainas liecina par iespgjamam lidzibam ar citam proteinu agregacijas
slimibam, tostarp Alcheimera un Parkinsona slimibu, kuras Iidzigi tiek novérota NAD*
izsikSana, mitohondriju disfunkcija un iekaisuma aktivacija.

Sis darbs sniedz jaunas zinaSanas par kataraktas patogenézes molekularajiem
mehanismiem un iezimé iesp&jamos biomarkierus slimibas progresijas noteikSanai. Rezultati
uzsver metabolitiski mérketas terapijas potencialu — kombingjot NAD* prekursoru, taurina un
antioksidantu papildinasanu — ka iespgjamu profilaktisku un arstniecisku strategiju. Identificéta
metode ACV aprékinasanai var tikt izmantota arl resursu ierobeZotos apstaklos, uzlabojot
kirurgiskas riska stratifikacijas iespgjas.

Atslegvardi: katarakta, metabolomika, intraokularais Skidrums, glutations, taurins,
kinurenina cels, acilkarnitini, ACV, ACD, pseidoeksfoliacijas sindroms, redoksbalanss,

proteinu agregacija.



Abstract

Association of Anterior Chamber Depth,
Volume, and Intraocular Fluid Metabolome
with Lens Hardness in Cataract Patients

Cataracts are multifactorial diseases and remain one of the leading causes of blindness
worldwide. Its pathogenesis is closely linked to oxidative stress-induced redox imbalance,
protein aggregation, restructuring of metabolic pathways, and disruption in energy homeostasis.
The aim of this study was to evaluate changes in the intraocular fluid metabolite profile in
patients with varying degrees of cataract maturity and to analyse biometric data-namely,
anterior chamber volume (ACV), anterior chamber depth (ACD), and their potential association
with lens hardness.

Metabolomic analysis revealed that patients with harder cataracts exhibited distinct
alterations in mitochondrial B-oxidation products, including increased accumulation of
acylcarnitines and reduced availability of glutathione (GSH). Taurine, a non-proteinogenic
amino acid and a key intraocular osmolyte, facilitates GSH uptake into cells and stabilises
cellular redox systems. With ageing, taurine concentrations decline, correlating with increased
oxidative stress and cataract progression.

Although biometric parameters such as ACV and ACD did not show a statistically
significant correlation with lens hardness overall, patients with pseudoexfoliation syndrome
(PEXS) demonstrated marked structural differences — including decreased ACD, ACV, and
axial length. These changes indicate increased anterior segment instability and a higher risk of
intraoperative complications. A novel formula for ACV estimation was also validated, based
on WTW, CCT, and ACD measurements, enabling accurate volume assessment without
the need for expensive imaging equipment.

The study further identified significant alterations in tryptophan metabolism and
activation of the kynurenine pathway, which were associated with GSH depletion, reduced
NAD" availability, and elevated markers of oxidative stress. These findings suggest mechanistic
parallels with other protein aggregation disorders, such as Alzheimer’s and Parkinson’s
diseases, where NAD* depletion, mitochondrial dysfunction, and inflammatory activation are
similarly observed.

This work provides novel insights into the molecular mechanisms underlying cataract
pathogenesis and highlights potential biomarkers for disease progression. The findings support
the therapeutic potential of metabolically targeted interventions — such as supplementation with

NAD" precursors, taurine, and antioxidants — as viable prophylactic and treatment strategies.



The validated ACV estimation method may also be of clinical utility in resource-limited
settings, improving surgical risk stratification and treatment planning.

Keywords: cataract, metabolomics, intraocular fluid, glutathione, taurine, kynurenine
pathway, acylcarnitine, anterior chamber volume (ACV), anterior chamber depth (ACD),

pseudoexfoliation syndrome, redox balance, protein aggregation.
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Darba izmantotie saisinajumi

3-HK 3-hidroksikinurenins

ACD Prieksgjas kameras dzilums
ACV Prieksgjas kameras tilpums
BH4 Tetrahidrobiopterins

DNS Dezoksiribonukleinskabe
FGF2 Fibroblastu augSanas faktors-2
GSH Glutations (reducéta forma)
IDO Indoleamin-2,3-dioksigenaze
IFN-y Interferons-gamma

KAT Kinurenina aminotransferaze
KYN Kinurenins

KYNA Kinurénskabe
LEC L&cas epitelija Stinas

NADPH Nikotinamida adenina dinukleotida fosfats (reducéta forma)

NAD" Nikotinamida adenina dinukleotids
NO Slapekla oksids

PEXS Pseidoeksfoliacijas sindroms

ROS Reaktivas skabekla sugas

TauT Taurina transportieris

TI Ticamibas intervals

uv Ultravioletais starojums



Ievads

Aptuveni 95 miljoni cilvéku visa pasaul cie$ no kataraktas (Liu et al., 2017). Katarakta
ir vadosais akluma cglonis, veidojot aptuveni pusi no novérSama akluma gadijumiem globala
meéroga (Javitt et al., 1996). Malaizijas nacionala acu parskata dati par 1996. gadu liecina, ka
katarakta bija galvenais akluma iemesls (39 %), kam seko tiklenes slimibas (24 %) (Zainal
et al., 2002). ST patologija joprojam ir viena no galvenajam oftalmologijas problémam gan
attistitajas, gan jaunattistibas valstis (Cedrone et al., 1999). Lai gan dazados pasaules regionos
noveérojama saslimstibas samazinaSanas, kataraktas izraisita akluma izplatiba un tas ietekme uz
populaciju paliek augsta (Lee & Afshari, 2017). Jaunattistibas valstis 90 % no visiem dzives
gadu zaud€jumiem invaliditates dé] ir saistiti ar kataraktas izraisitu aklumu (Nam et al., 2015).

Pasaules Veselibas organizacijas un Global Burden of Disease 2020. gada dati liecina, ka
katarakta veido aptuveni 45,5 % no visiem globalajiem akluma gadijumiem pieaugusajiem vecuma
virs 50 gadiem, ka arT 38,9 % no vid€ji smagiem vai smagiem redzes trauc€jumiem taja pasa
vecumgrupa (Steinmetz et al., 2021). Sie raditaji apliecina ilgstosu tendenci — katarakta joprojam ir
galvenais redzes zuduma c€lonis pasaulg, 1pasi Kina, Dienvidazija un Dienvidaustrumazija, kur
prevalences Iimenis bitiski parsniedz globalo vid&jo (Chua et al., 2015).

Pétijumi liecina, ka kataraktas radito invaliditati mérito dzives gadu skaits no 1990. lidz
2021. gadam praktiski dubultojies, turpinot biit seviski aktualam jautajumam valstis ar zemaku
attistibas Itmeni, — tas norada uz nepiecieSamibu uzlabot arst€Sanas pieejamibu (Li et al., 2025).
Global Burden of Disease Study 2019. gada parskats rada, ka invaliditates pielagoto dzives
gadu skaits, kas saistits ar kataraktu, pieauga no 3,49 miljoniem (95 % TI 2,48-4,72 miljoni)
11dz 6,68 miljoniem (95 % TI4,76-9,01 miljons) no 1990. lidz 2019. gadam (Fang et al., 2022).
Nemot véra pasaules iedzivotaju skaita pieaugumu, novecoSanu un aklumu izraisoSo slimibu
izplatibas palielinasanos, tiek prognozets, ka cilveku skaits ar aklumu vai vid&ji smagiem redzes
traucjumiem (tostarp kataraktu) palielinasies no 338,3 miljoniem 2020. gada Iidz
535 miljoniem 2050. gada, neskatoties uz globalajiem centieniem mazinat slimibu slogu un
uzlabot acu veselibas pakalpojumu pieejamibu (Bourne et al., 2017).

Katarakta ir lecas skaidribas zudums, kas kliniskaja praksé izpauzas ar $adiem
simptomiem: redzes asuma samazinasanos (Hurst & Douthwaite, 1993); migloSanas sajttu
(Skiadaresi et al., 2012); paaugstinatu jutibu pret spilgtu gaismu (Shandiz et al., 2011);
dubultosanos, skatoties ar vienu aci (Records, 1980); lasiSanas grutibam (Pesudovs & Coster,
1998); ka ar1 izteiktaka 1€cas brieduma stadija — intraokulara spiediena paaugstinasanos (Flocks
et al., 1955) un galu gala redzes zudumu (Han et al., 2023).

Kataraktu nav iesp&jams efektivi arstét ar farmakologiskiem lidzekliem (Harding,

2001). Vieniga pieradita un kliniski efektiva arstéSanas metode ir apdulkotas 1&cas dalas



kirurgiska ekstrakcija un intraokularas maksligas l€cas implantacija (Davis, 2016). Tadg]
kirurgija ir galvena arst€Sanas pieeja kataraktas gadijuma, un ta ir kluvusi par vienu no
visbiezak veiktajam kirurgiskajam procediiram pasaulé (Moshirfar et al., 2024). Misdienas
kataraktas operacija tiek uzskatita par ne vien biezako, bet arml vienu no efektivakajam
mediciniskajam procediiram, ko raksturo augsta redzes funkcijas atjaunosanas efektivitate un
salidzinosi zems komplikaciju risks (Rossi et al., 2021). Tomer, neraugoties uz augsti attistitu
tehnologiju un plasu pieejamibu attistitajas valstis, daudzviet jaunattistibas regionos operacija
joprojam nav pietiekami pieejama. Zema sabiedribas informétiba par slimibu, nepietickama
veselibas apriipes infrastruktiira un ierobezotas ekonomiskas iesp€jas veicina novélotu slimibas
atklasanu un palielina ar kataraktu saistita akluma izplatibu (Cetinel et al., 2014).

Petijumos atklats, ka kataraktas operacija pusmiiza vecuma pacientiem var biit saistita
ar paaugstinatu mirstibas risku, iesp&jams, kop€jo veselibas trauc€jumu un hronisku
blakusslimibu dél, kas Saja vecumgrupa ir biezak sastopamas (K. Negahban & K. Chern, 2002).
Sie novérojumi aktualizé jautagjumu par to, vai kataraktu galvenokart izraisa noveco3anas
procesi vai tomér biutiskaka nozime ir oksidativajam stresam un hroniskiem iekaisuma
mehanismiem (Li et al., 2024). Liela dala kataraktas patogen€z¢ iesaistito strukturdalo un
funkcionalo izmainu rodas vai pastiprinas oksidativa stresa, ultravioleta (UV) starojuma,
osmotiska disbalansa un citu $iinu bojajosu faktoru ietekmé (Richardson et al., 2020). Katarakta
nereti rodas ari ka viena no izpausmeém plasaku vielmainas trauc€jumu vai genétisku sindromu
gadfjuma, pieméram, cukura diab&ta, galaktozémijas, hipokalci€mijas vai mitohondrialo
slimibu konteksta (Kambiz Negahban & Kenneth Chern, 2002). Sados gadijumos tas kliniska
gaita un izpausmes var but atSkirigas no vecuma kataraktas, kas nosaka nepiecieSamibu péc
individualizetas pieejas diagnostika un arsteésana.

Kops$ modernas medicinas attistibas aizsakumiem vecums tiek uzskatits par galveno
kataraktas riska faktoru (Sperduto, 1994). Tomeér kliniskaja praksé nereti tieck noveérota
ievérojama intraindividuala variabilitate, kad vienada vecuma pacientiem var biit butiski
atSkirigs 1€cas apdulkosanas pakapes lIimenis (Hashemi et al., 2020). Novecosanas ir definéta
ka process, kas pakapeniski samazina organisma sp&ju pretoties bojajumiem, saslimSanam un
vides stresa faktoriem. Tas izpauzas daudzos fiziologiskos limenos, tostarp elpoSanas ritma,
redzes asuma samazinaSana, asinsspiediena svarstibas un kermena stajas regulacija, ka ari
biitiski paaugstina mirstibas risku un ietekmé reprodukcijas funkcijas. P&tijumi apstiprina, ka
novecoSanas process galvenokart ir saistits ar uzkrajoSiem $iinu un molekulariem bojajumiem,
kurus izraisa oksidativas reakcijas, brivo radikalu un citu reaktivu skabekla formu ietekme,
ka arm cukuru un reag€josu aldehidu mijiedarbiba un spontanas klidas metabolisma

(Sadowska-Bartosz & Bartosz, 2014). NovecoSanas procesa kristaliskas 1&cas Skiedras



pakapeniski bojajas dazadu biologisko un fizikalo faktoru ietekmé, tostarp UV starojuma,
oksidativa stresa, deaminacijas, racemizacijas un posttranslacijas modifikaciju, pieméram,
fosforilacijas, rezultata (Lampi et al., 1998; Ma et al., 1998). Lécas caurspidiguma zudums jeb
opacitate tiek uzskatits par kristalinu olbaltumvielu strukturalo izmainu sekam — to nepareizu
salocidanos un agregaciju (Goulet et al., 2011). Sis process sakotngji kalpo ka Siinas
aizsardzibas mehanisms, novérsot toksisku protetTnu monoméru uzkrasanos, tacu ilgtermina tas
veicina Skiedru struktiiras degradaciju un lécas funkcionala caurspidiguma zudumu
(Flaugh et al., 2006; Moreau & King, 2012). Tadgjadi kataraktas patogenéze liela méra ir
saistita ar proteostazes zudumu un traucé€tu olbaltumvielu homeostazi, kas So procesu padara
atkarigu ne vien no hronologiska vecuma, bet art no individualiem vielmainas, genétiskajiem
un vides faktoriem (Taylor & Davies, 1987).

Le&ca ir avaskulara, caurspidiga optiska struktiira, kas sastav no augsti organiz€tiem,
optiski sincitialiem $tinu slaniem un pilda bitisku lomu gaismas fokuséSana uz tikleni (Delaye
& Tardieu, 1983). Ta ka lecai triikst asinsvadu apgades, taja ir izveidojusies ieks€ja jonu
cirkulacijas sisteéma, kas cieSi saistita ar Skidruma kustibu un nodroSina efektivu vielu
mikrocirkulaciju (Mathias et al., 2007). L&cas caurspidigumu nodroS$ina Skiedru Siinas ar augstu
kristalinu olbaltumvielu koncentraciju, kas 1sa attaluma ir sakartotas augsta strukturala
organizacija (Chiou et al., 1988).

Biitiska loma 1&cas strukturalas un funkcionalas integritates uzturésana ir 1€cas epitélija
sinam (LEC) — vienigajam dzivotspgjigajam Sinu slanim pieaugusas I&cas iekSiene
(Bassnett & Siki¢, 2017). Sis $tinas nodro§ina aktivu jonu transportu, piedalas antioksidantu
sint€z€, uztur osmotisko un metabolisko lidzsvaru, ka ar kalpo par prieksteciem jaunu Skiedru
Stnu diferenciacijai lecas ekvatorialaja zona (Andley, 2008). LEC ir 1pasi uznémigas pret
oksidativa stresa iedarbibu, un to funkcionalais trauc€jums tiek uzskatits par vienu no
agrinajiem notikumiem kataraktas patogenézes kaskade (Liu et al., 2022). Oksidativais stress
rodas, ja tiek izjaukts lidzsvars starp reaktivo skabekla sugu (ROS) veidoSanos un to
neitralizéSanu ar antioksidantu sistéemam. Lai gan fiziologiskos apstaklos ROS darbojas ka
signalmolekulas, to parmériga uzkrasSanas, ko var izraisit gan endogéni (piemé&ram,
mitohondriji, NADPH oksidazes, endoplazmatiskais tikls), gan eksogéni (UV starojums,
smagie metali) avoti, boja dezoksiribonukleinskabi (DNS), lipidus un proteinus. Lai mazinatu
So bojajumu risku, Stinas aktivize ieks€jos antioksidativos mehanismus, bet argjie antioksidanti
tiek petiti ka potenciali aizsarglidzekli. Oksidativais stress ir nozimigs faktors daudzu hronisku
slimibu attistiba, un ta modul&Sana tiek uzskatita par butisku mérki efektivu terapeitisko

stratégiju izstrade (Aranda-Rivera et al., 2022).
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Patologiskos apstaklos, tostarp hroniska oksidativa stresa, hiperglikémijas vai
UV starojuma ietekmé, Stinu pretstresa mehanismi pavajinas, ka rezultata veidojas bojatu
proteinu agregati, traucéta intracelulara homeostaze un tiek inici€tas strukturalas izmainas visa
leca. LEC gadijuma endoplazmatiska tikla stresa aktivacija izraisa salocito olbaltumvielu
atbildes ieslégSanos, ROS veidosanos un galu gala Stinu navi — Sie procesi ir noveroti ari
eksperimentalos galaktosémijas modelos pirms kataraktas kliniskas izpausmes (Mulhern et al.,
2007). Novecosanas gaita LEC funkcionala kapacitate pakapeniski samazinas, kas var novest
pie nozimigiem sint€zes un transporta traucjumiem. Ta rezultata l1ecas ieksejie slani kliist 1pasi
neaizsargati pret oksidativo, osmotisko un proteotoksisko bojajumu, kas veicina proteinu
agregaciju, Skiedru $tinu degeneraciju un kodolveida kataraktas attistibu. Tadgjadi tiek pamatoti
uzskatits, ka LEC disfunkcija ir viens no centralajiem patogenétiskajiem mehanismiem ar
vecumu saistitas kataraktas gadijuma (Yanshole et al., 2019).

Kristalini ir galvenas strukturalas olbaltumvielas cilvéka 1eca, veidojot lidz pat 90 % no
kopégjas skiedru Stinu proteinu masas (Surguchev & Surguchov, 2010). To augsta koncentracija
un telpiski organizéta strukttira nodroSina I€cas caurspidigumu, minimalu gaismas izkliedi un
augstu gaismas lausanas sp&ju. Kristalini tiek iedaliti trijas galvenajas grupas: a-, f- un
v-kristalinos (Andley, 2007).

a-kristaliniem, 1pasi aA un aB apakSvienibam, papildus strukturalajai funkcijai piemit
molekulara Saperona aktivitate, kas noveér§ citu olbaltumvielu denaturaciju un agregaciju
(Derham & Harding, 1999). Si aizsargfunkcija lauj lecai saglabat optiskas Tpasibas ari
novecosanas un S$iinu stresa apstaklos. o-kristalini piedalas ari citoskeleta stabilizacija,
apoptozes inhib&$ana un Stnu rezistences palielinaSana pret oksidativiem un citiem stresoriem
(Kamradt et al., 2005). Pétijumi liecina, ka a-kristalinu aktivitate nav ierobezota tikai ar 1€cas
Skiedru §tinam — tie aktivi funkciong ar1 LEC un arpus acs, tostarp tiklen€, miokarda, smadzenges
un skeleta muskulos (Srinivasan et al., 1992). a-kristalina génu mutacijas izmaina l€cas
refrakcijas indeksa gradienta strukttiru, sekmé&jot caurspidiguma zudumu, savukart lokala
oksisterola savienojumu lietoSana uzlaboja refrakcijas profila regularitati 61 % gadijumu un
samazindja opacitates pakapi 46 % pelem (Wang et al., 2022).

B-kristalini galvenokart veido polimérus, kas piedalas Skiedru Stnu citoskeleta
organizacija, savukart y-kristalini ir blivas, kompaktas monomeéru struktiiras, kas nodrosina
lécas kodola augsto blivumu un precizu gaismas lausanu (Serebryany & King, 2014).
Abi — B un vy kristalini — ir starp stabilakajiem un visilgak funkcion€joSajiem proteiniem cilvéka
organisma, tacu ar vecumu tie var parversties lielas molekulmasas agregatos, kas izkliedé gaismu

un veicina kataraktas attistibu, neraugoties uz a-kristalinu Saperona klatbiitni 1&ca (Bari, 2021).
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Acs léca ir dinamisks organs, kas turpina augt visa miiza garuma, nepartraukti
pievienojot jaunas Skiedru Stinas periférija, kamér ieksgjie slani — embriologiski agrinas
Skiedras — saglabajas strukturali nemainigi. Sada koncentriska $kiedru slanoanas nosaka lécas
anatomisko dalijumu kodola un korteksa (Ruan et al., 2020). Lai uzturétu optisko skaidribu,
l&ca ir atkariga no efektivas antioksidativas aizsardzibas sistémas, kura galvenie komponenti ir
glutations, askorbinskabe un enzima superoksida dismutaze (Lou, 2003). Glutationa ITmena
pazeminasanas tiek uzskatita par vienu no agrinajiem biokimiskajiem raditajiem, kas liecina
par kataraktas veidoSanos, un ta potenciali var derét ka agrinas diagnostikas biologiskais
markieris (Giblin, 2000).

Lécas Sunu vielmaina tiek uztur@ta, pateicoties pastavigai intraokulara skidruma
cirkulacijai, kas nodro$ina baribas vielu piegadi un vielmainas galaproduktu izvadiSanu.
Sis $kidrums tiek sintezéts ciliara kermena pars plicata epitélija un cirkule caur ziliti uz
priek$gjo kameru, no kurienes primari tiek novadits caur trabekularo tiklu un Sléma kanalu,
iepliistot acs vénu drenazas sisteéma (Griib & Mielke, 2004). Intraokularais skidrums darbojas
ka bitiska transporta sist€éma, kas piegada glikozi, aminoskabes un elektrolitus, vienlaikus
palidzot uzturét osmotisko Iidzsvaru un veicinot oksidativa metabolisma blakusproduktu
izvadiSanu (Goel et al., 2010; Mathias et al., 2007). Ta ka lielakajai dalai 1€cas Skiedru Stinu
triikst mitohondriju, energijas razosana tajas balstas galvenokart uz anaerobo glikolizi, padarot
Stinas 1pasi jutigas pret hipoksiju un glikozes piegades trauc€jumiem (Shui & Beebe, 2008).
Skidruma sastava vai pliismas traucéjumi, kas var rasties oksidativa stresa vai vielmainas
disbalansa rezultata, veicina Stinu tusku, proteinu agregaciju un intracelularas homeostazes
zudumu, kas savukart var novest pie l&cas opacitates attistibas — kataraktai raksturiga procesa
(Dammak et al., 2023).

Intraokularais skidrums ir dzidrs, fidenim Iidzigs biologisks skidrums, kas aizpilda acs
prieks€jo un mugurgjo kameru. Ta sastavu galvenokart veido tidens (98-99 %), ka art elektroliti
(natrijs, kalijs, hloridi, bikarbonati), organiskas vielas (aminoskabes, glutations, askorbinskabe,
urinviela, laktats), olbaltumvielas (pieméram, imiinglobulini, transform&osSais augSanas
faktors beta 2, a-melanocitus stimul&joSais hormons) un gazes (skabeklis, oglekla dioksids)
(Bansal et al., 2021; Chen et al., 2025). Fiziologiski intraokularajam $kidrumam ir vairakas
bitiskas funkcijas: tas palidz uzturét acs ieks€jo spiedienu, nodroSina trofiku avaskularajiem
audiem, tostarp radzenei, l1€cai un stiklveida kermenim, ka ar1 piedalas vielmainas galaproduktu
un toksisko metabolitu izvade (Tram et al., 2021). Skidruma kvantitativas un kvalitativas
izmainas ir saistitas ar vairakam oftalmologiskam patologijam. Pieméram, glaukomas gadijuma
Skidruma aizpliiSanas traucgjumi var novest pie intraokulara spiediena paaugstinaSanas

(Ofri, 2002), savukart iekaisuma procesos, pieméram, uveita, Skidruma biezi konstate iekaisuma
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Stinas un paaugstinatu olbaltumvielu saturu (Kalsy et al., 1990). Tadgjadi intraokulara Skidruma
sastava izpéte sniedz nozimigu informaciju par acs ieksgjas vides stavokli un lauj netiesi izvertet
vielmainas procesus tajos audos, kurus $is Skidrums apgada un aizsarga.

Prieksgjas kameras tilpums (ACV) un dzilums (ACD) ir nozimigi acs prieksgja
segmenta biometriskie raditaji, kas atspogulo intraokularas anatomijas telpisko konfiguraciju
un potenciali ietekmé intraokulara Skidruma cirkulacijas efektivitati (Lei et al.,, 2022).
Sie parametri ir dinamiski un paklauti izmainam dazadu oftalmologisku patologiju gadfjuma,
tostarp kataraktas, glaukomas un pseidoeksfoliacijas sindroma konteksta. Nemot véra, ka 1eca
fiziologiski aug visa miiza garuma, pakapeniski paliclinoties tas biezumam (Cheng et al., 2019),
prieks&jas kameras telpa progresivi samazinas, izraisot ne tikai mehaniskas izmainas intraokulara
Skidruma pliismas rakstura, bet arT iesp&jamu vielmainas produktu uzkrasanos ap lecu.

Sadi lokali mikrovides trauc&umi var bit nozimigi modulatori kataraktas patogengze,
1pasi situacijas, kad tiek ietekmé€ta oksidativa bilance vai metabolitu izvadmehanismi. Tadel
priek$&jas kameras telpas izvertéSana var sniegt vertigu ieskatu intraokulara skidruma dinamika
un tas iesp&jama ietekmé uz 1&cas stavokli (He et al., 2016). Papildus intraokulara Skidruma
metaboloma analize lauj identificét specifiskus metabolitus, kuru klatbutne korele ar 1€cas
brieduma pakapi, tadgjadi piedavajot potencialus biomarkierus kataraktas attistibas
prognozésanai (Yanshole et al., 2019). Misdienu att€ldiagnostikas un skidruma analizes
metodes nodroSina augstas precizitates ieskatu intraokularaja mikrovide, atklajot mehanismus,
kas ieprieks bija pieejami tikai postmortala histologija.

Lai gan vielmainas trauc€jumi biezi tiek saistiti ar specifiskiem metabolitiem,
piem@ram, cukura diab&ts ar glikozes limena izmainam vai sirds un asinsvadu slimibas ar
holesterina metabolismu,ir biitiski apzinaties, ka biokimiskie procesi nenotiek izoléti, bet ir
savstarpgji ciesi saistiti un ietekmé viens otru (Poznyak et al., 2020). Sada sistemiska izpratne
ir Tpasi nozimiga misdienu vielmainas petijumos, jo organisma metaboliska homeostaze balstas
uz kompleksu celu lidzsvaru, kur pat nelielas izmainas viena posma var atstat plasas sekas
citviet. Strauja analitiskas kimijas attistiba, 1pasi spektrometrijas un augstas izskirtsp€jas
Skidruma hromatografijas joma, lauj vienlaikus identificét un kvantificét plasu endogéno
metabolitu spektru, izmantojot vienu vai vairakas metabolomikas platformas (Lamers et al.,
2003). Sis metodes nodrosina iesp&u iedzilinaties vielmainas celu mijiedarbiba, laujot
interpretét gan fiziologiskas, gan patologiskas izmainas cilvéka organisma vai audos.
Lai izprastu atsevisku metabolitu koncentracijas novirzu biologisko nozimi un, vél butiskak,
paredzétu iesp&jamos korektivos pasakumus uztura, farmakologijas vai dzivesveida joma, ir
nepiecieSama padzilinata izpratne par vielmainas celu funkcion&$anu un savstarp&jo regulaciju

(German et al., 2005).
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Vielmainas izmainas ir ne tikai noverojamas eksperimentali, bet ari detalizéti
analiz&jamas, izmantojot musdienigas analitiskas metodes, kas sniedz iesp&ju izprast to ietekmi
uz konkrétiem biokimiskajiem celiem un §iinu funkcionalajiem mehanismiem. Sadas pieejas
iesp&jamiba balstas uz faktu, ka biokimisko procesu izpéte jau vairak neka gadsimtu ir bijusi

viens no galvenajiem virzieniem dabas zinatnu attistiba (German et al., 2005).

Darba merkis
P&tfjuma meérkis ir raksturot prieksgjas kameras dziluma un tilpuma, ka ar1 intraokulara

Skidruma metaboloma atSkiribas kataraktas pacientiem atkariba no 1€cas cietibas pakapes.

Darba uzdevumi

Primari uzdevumi:

1. Analizét intraokulara Skidruma metaboloma sastava atSkiribas pacientiem ar
dazadu lécas cietibas pakapi.

2. Novertét prieksgjas kameras dziluma un tilpuma parametrus atkariba no lecas
cietibas pakapes.

3. Izpéetit statistiskas asociacijas starp l1€cas cietibas pakapi, intraokulara Skidruma
metabolitu profilu un prieksgjas kameras biometriskajiem raditajiem.

Sekundari uzdevumi:

1. Analizét intraokulara Skidruma metaboloma sastava izmainas pacientiem ar
pseidoeksfoliacijas sindromu.

2. Raksturot intraokulara Skidruma metaboloma 1patnibas pacientiem ar glaukomu.

3. Novertet intraokulara skidruma metaboloma atskiribas pacientiem ar cukura diabé&tu.

Darba hipotezes
+ Pacientiem, kuru prieksgjas kameras dzilums un tilpums ir lielaks, novérojama
atraka augstakas cietibas pakapes kataraktas attistiba.
» Kataraktas pacientiem ir raksturigs specifisks intraokulara Skidruma metabolitu

profils, kas korel€ ar Iecas cietibas pakapi.

Darba novitate

Petjuma novitate slépjas potenciala ieguldijuma padzilinata kataraktas
patofiziologijas izpratng€, ipasi koncentr&joties uz intraokulara S$kidruma sastava analizi.
P&tijums sniegs jaunas zinaSanas par biomarkieriem, kas var biit pamats precizakai kataraktas
diagnostikai, slimibas prognoz&sanai un personaliz€tas arstéSanas pieejas izstradei. Identificgjot
biokimiskus un molekularus raditajus, kas saistiti ar kataraktas progreséSanu, darbs sekmés

kliniskas prakses pilnveidi un potenciali aizkaves redzes zudumu.
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Nemot vera, ka katarakta ir proteinu agregacijas slimiba, petijuma rezultati var sniegt
butisku ieguldijumu arT citu ar proteostazes zudumu saistitu patologiju izpratn€. Starp STm
slimibam 1pa$i izcelamas neirodegenerativas saslimSanas, pieméram, Alcheimera slimiba,
Parkinsona slimiba un amiotrofa laterala skleroze, kur proteinu nepareiza salociSanas un
agregacija veido patologiju pamatu. P&tijuma laika iegita informacija par intraokulara
Skidruma metabolitiskajiem un antioksidativajiem raksturlielumiem var paveért jaunas iesp&jas
So sisteémisko slimibu agrinai diagnostikai un molekularai terapijai, stiprinot starpdisciplinaro

pieeju proteinu agregacijas slimibu p&tnieciba.

ST novatoriska pieeja ne tikai veicina progresu oftalmologija, bet ar piedava plasaku
sabiedribas veselibas ieguvumu, sekmgjot personalizétu medicinu un starpnozaru sadarbibu

hronisku degenerativu slimibu risinasana.

Personigais ieguldijums

Sis pétljums ietver tie$u klinisko un pétniecisko darbu ar kataraktas pacientiem.
Es personigi veicu kataraktas operacijas. Operaciju laika tika savakts intraokularais skidrums,
nodro$inot augstu paraugu kvalitati un sterilitati turpmakai biokimiskai analizei. Paraléli
kirurgiskajai darbibai piedalijos ar ieglito datu apstrad€, tostarp pacientu kliniska profila
izvertésana, laboratorisko rezultatu analiz€ un to sasaist€ ar kataraktas patogenétiskajiem

raditajiem.

Etiskie aspekti

Etiskas uzraudzibas nodro$inasanu veica Rigas Stradina universitates Etikas komiteja
(apstiprinajuma Nr. 2-PEK-4/307/2023, datéts ar 2023. gada 21. martu), un pétijumu atlava
veikt Paula Stradina kliniska universitates slimnica. Visi pétijuma dalibnieki sniedza rakstisku
inform&to piekriSanu, un pétijums tika veikts pilniba atbilstosi Helsinku deklaracija

(Association, 2025) noteiktajiem &tikas principiem.
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Diskusija
Priekséjas kameras tilpuma un dziluma ietekme uz kataraktas cietibas pakapi

Misu pétijuma rezultati neuzradija statistiski nozimigas saistibas starp acu
biometriskajiem parametriem un l€cas cietibas pakapi. Lai gan ir pieradits, ka ar vecumu léca
klust biezaka, galvenokart proteinu agregacijas un strukturdlu izmainu deél, misu dati
neliecindja par $adu procesu ietekmi uz ACV vai ACD. Kaut art ACV mériSana vél nav ieklauta
kliniskaja rutina, ta tiek arvien biezak atzita par daudzsoloSu raditaju dazadu acu slimibu
diagnostika, arstésana un kirurgiska planosana (Coakes et al., 1979). ACV kvantitativa
novértéSana var sniegt biitisku ieguldijumu glaukomas diagnostika un kontroles uzlabosana,
kataraktas kirurgijas stratégijas izvele, refraktivas kirurgijas kandidatu izvertéSana, ka ari
priek$&ja segmenta patologiju izp&te.

No visam analiz€tajam pacientu grupam visizteiktakas biometriskas atSkiribas tika
konstatétas pacientiem ar pseidoeksfoliacijas sindromu (PEXS). Saja grupa novérotais
samazinatais ACD, ACV un 1saks acs gareniskais garums var€tu biit saistits ar l1&cas priekseju
1&cas mobilitati, dislokacijas risku un stiklveida kermena zudumu kataraktas kirurgijas laika,
uzsverot nepiecieSamibu péc ripigas preoperativas novertésanas Siem pacientiem.

Turklat misu rezultati izgaismo, ka ACV un ACD stabilitate pat progres€josas
kataraktas gadijuma var atspogulot acs mehanismus priek§€ja segmenta kompensacijai.
Sie novérojumi norada, ka priek3gjas kameras biometriskie raditaji var nebiit agrins kataraktas
progresijas markieris, bet drizak sekundars faktors, kas ietekmé intraoperativo risku. Ipasi
nozimigi tas ir kirurgiskaja planosana, jo nelielas izmainas ACV vai ACD var klat kliniski
nozimigas tikai kombinacija ar citiem riska faktoriem, pieméram, zonulu vajumu vai PEXS
klatbatni. Sada interpretacija liecina, ka biometrisko datu vértiba slépjas ne tikai tie§a korelacija
ar Iecas cietibu, bet ar1 to sp&ju papildinat pacienta individualo riska profilu pirms kataraktas
operacijas.

Lai gan sakotngji tika izvirzita hipotéze, ka glaukomai bus cieSa korelacija ar
ACV parametriem, $is pien€mums miisu pétijluma netika apstiprinats. Tomér literatura
aprakstiti petijumi, kuros ACV un intraokulara spiediena attieciba tiek apliikota ka potencials
arstéSanas efektivitates prognozetajs, 1pasi pacientiem, kuri sanem terapiju ar prostaglandinu
analogiem (Scott et al., 2021). Tapat ACV tiek atzits par biitisku riska faktoru primaras aizverta
kakta glaukomas prognozéSana (Pakravan et al., 2012).

Svarigs misu pétjjuma ieguldijums ir ACV aprékina formulas parbaude/validacija,
izmantojot pieejamus biometriskos datus. Izstradata metode lauj noveértet ACV bez

nepiecieSamibas péc dargas aparatiras, pieméram, Pentacam vai AS-OCT. Tas sniedz biitiskas
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prieksrocibas ierobezotu resursu apstaklos, kur piekluve modernam tehnologijam ir ierobezota.
Sadas alternativas pieejas ievieSana kliniskaja praksé var veicinat ACV plasaku izmantoSanu

un uzlabot acu slimibu diagnostikas un arstéSanas pieejamibu globala méroga.

Metaboloma atSkiribas pacientiem ar dazadu lecas cietibas pakapi

Metaboliskie procesi ka kataraktas patogenézes pamats

Glutations (GSH) ir galvenais intracelularais antioksidants I€cas audos, kura funkcija ir
butiska kristalinu aizsardziba pret oksidativo bojajumu, un tas spélé nozimigu lomu Siinu
oksidativa un reducgjosa lidzsvara nodrosinasana (Jiao et al., 2023; Truscott & Friedrich, 2016).
GSH darbojas gan ka tieSs ROS neitralizetajs, gan ka koenzims dazados fermentativos
detoksikacijas celos, tostarp glutationa peroksidazes un glutationa-S-transferazes sisteémas
(Deng et al., 2025). Tapat GSH piedalas olbaltumvielu disulfidu saiSu reducéSana, palidzot
saglabat to strukturalo integritati (Georgiou-Siafis & Tsiftsoglou, 2023; Giustarini et al., 2017).
Samazinats GSH Iimenis noved pie proteinu oksidativam modifikacijam, nepareizas
salociSanas un SkérssaistiSanas procesiem, kas pakapeniski izjauc Skiedru Stnu caurspidigumu
un veicina opacitates progreséSanu — galveno kataraktas patogenétisko mehanismu (Truscott,
2005). Taurins — viena no domin&josajam aminoskab&m, kas neietilpst proteinos, bet ir klat
intraokularaja Skidruma, — papildina GSH antioksidativo darbibu, stabiliz&jot Sinu membranas,
inhib&jot parmeérigu kalcija iekluSanu §tina un regul&jot osmotisko Iidzsvaru (Froger et al.,
2014). Turklat pieradits, ka taurins veicina GSH intracelularo uznemsSanu, tad€jadi nodroSinot
papildu mehanismu $tinu aizsardzibai pret oksidativo stresu (Baliou et al., 2021). Taurina
koncentracijas samazinasanas 1€cas audos ar vecumu korel€ ar pieaugosu oksidativo slodzi un
paaugstinatu §tinu bojajumu risku. STdinamika var biit ka viens no izikiro$ajiem mehanismiem
novecoSanai raksturigo izmainu veicinasana (Singh et al., 2023). Abu molekulu — GSH un
taurtna — mijiedarbiba ilustré sinergisku antioksidativo tiklu, kas ir butisks 1&cas strukturalas un
funkcionalas integritates uzturéSana.

Tresais bitiskais komponents — nikotinamida adenina dinukleotids (NAD") — ir ne tikai
centrals kofaktors $tinas energijas metabolisma, iesaistoties glikolizg, trikarbonskabju cikla un
oksidativaja fosforilacija, bet arl neaizvietojams redoksreakciju homeostazes uzturéSana
(Pehar etal., 2018; Xiao et al., 2018). Izmainas NAD*/NADH attieciba vai kop&ja NAD* limena
samazinasanas var izjaukt $tnas biologisko lidzsvaru un veicinat dazadu procesu attistibu,
tostarp novecosSanu, neirodegenerativas slimibas un audz&ju veidoSanos (Amjad et al., 2021).
NAD" ir nepiecieSams nikotinamida adenina dinukleotida fosfata reducétas formas (NADPH)
sintézei, kas savukart ir kritiski svarigs GSH atjaunoSanai no ta oksidétas formas, nodroSinot

efektivu $tinu aizsardzibu pret oksidativo stresu (Lu, 2013). Novecosanas procesa novérojama
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NAD" rezervju izsikSana, kas kave Sos aizsargmehanismus un veicina alternativu metabolisma
celu, tostarp triptofana katabolismu pa kinurenina celu (Kincaid & Berger, 2020).
ST metabolisma parbide izraisa potenciali toksisku starpproduktu, pieméram,
3-hidroksikinurenina (3-HK) un ksantureninskabes, uzkraSanos, kas saistiti ar paaugstinatu
Stnu bojaeju un strukturalam izmainam (Wang et al., 2025).

Miisu pétijuma konstatétas metabolitu profila parmainas intraokularaja skidruma liecina
par butisku $tinu energétiskas un redoksbalansa sistému destabilizaciju, kas ciesi korel€ ar 1€cas
cietibas pakapi un kataraktas progresé€Sanas stadiju. Jo 1paSi izmainas mitohondriju
B-oksidacijas gala produktos, pieméram, acetilkarnitinu koncentracija, liecina par trauc€tu
taukskabju transportu un nepilnigu ATP sintézi (Merritt et al., 2018). Sads energijas deficits,
ipasi lécas kodola hipoksiskajos apstaklos, veicina oksidativa stresa pastiprinaSanos un
samazina Stinas sp&ju aizsargat kristalinu proteinus no denaturacijas un agregacijas, tad€jadi
sekmgjot opacitates attistibu.

Sie mehanismi veido patofiziologisku ciklu: oksidativa stresa raditi proteinu bojajumi
veicina intensivu GSH patérinu un ta izstkumu. Samazinoties GSH koncentracijai, tiek trauceta
redoksbalansa uzturéSana, kas savukart samazina NAD" pieejamibu. NAD™ deficits pastiprina
triptofana metabolismu pa kinurenina celu, veicinot potenciali toksisku starpproduktu,
pieméram, 3-HK, uzkraganos. Sie metaboliti inducg $tnu bojaeju LEC un $kiedru $iinas, ka
rezultata pasliktinas 1€cas strukturala integritate un progresé tas caurspidiguma zudums.

Sie secinajumi nostiprina pienémumu, ka katarakta ir nevis pasivs, ar noveco$anos
saistits strukturals process, bet gan biokimiski aktiva, dinamiski progresgjosa patologija, kuru
potenciali var modul@t, izmantojot mérktiecigas vielmainas [imena intervences, tostarp taurina,

NAD" prekursoru, Bs vitamina un GSH analogiem.

Taurins

Taurins ir s€ru saturoSa aminoskabe, kas augsta koncentracija sastopama audos ar
paaugstinatu oksidativa stresa risku, tostarp acs 1&ca, miokarda un centralaja nervu sist€éma.
Taurina un kopgja proteina koncentracija acs léca samazinas atkariba no kataraktas stadijas,
taCu nav tiesi saistita ar vecumu (Anthrayose & Shashidhar, 2004). Taurins 1&ca tiek uznemts
no asinsrites, un ta audu koncentracija liela mera ir atkariga no uztura uznemsanas, 1pasi no
dzivnieku izcelsmes produktiem, piemeram, galas, zivim un piena (Duan et al., 2023).
Ta antioksidativas 1paSibas izpauZas, neitralizgjot brivos radikalus un stabiliz€jot Siinu membranas
struktiiru un funkcionalitati (Jong et al., 2021). IpaSi nozimiga taurina loma ir LEC, kuras ir

paklautas ilgstoSai UV starojuma ietekmei un ar to saistitam oksidativajam bojajumam. Papildus
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osmolaritates regulacijai taurins kalpo ka metabolisks modulatora elements, iesaistoties kalcija
homeostazes, ickaisuma procesu un apoptozes regulacija (Ripps & Shen, 2012).

Taurins pirmo reizi tika identificéts 1827. gada, izolgjot to no bulla Zults, un ta
nosaukums cé€lies no latinu varda faurus (Tiedemann & Gmelin, 1827). Miisdienas tas tiek
sintez€ts riipnieciski, parasti izmantojot cisteinu ka izejvielu, un netiek izmantoti dzivnieku
izcelsmes avoti. Eksperimentalie petijumi liecina, ka taurins efektivi samazina oksidativa stresa
induc@tos Siinu bojajumus, veicinot intracelularu GSH uzpemSanu un stabiliz&jot Siinas
redokslidzsvaru (Hansen et al., 2010). Sis Tpasibas padara taurinu par nozimigu aizsargfaktoru
pret oksidativa stresa izraisitiem bojajumiem, kas veicina kataraktas patogenézi.

P&tijuma rezultati iezZimé taurina biitisko citoprotektivo funkciju $tinu stresa apstaklos,
pasi saistiba ar ta sp&ju mazinat oksidativa bojajuma izraisitas sekas, kas ir nozimigi dazadu
audu, tostarp 1€cas, strukturalas un funkcionalas integritates saglabasana (Ma et al., 2021).
Taurins ietekmé ar1 Sinu homeostazes uzturéSanu, moduléjot lidzsvaru starp autofagiju un
apoptozi — diviem biitiskiem $tinu mehanismiem, kuru uzdevums ir nodro§inat bojato organellu
un proteinu eliminaciju, ka ar1 adaptivu atbildi uz stresu (El Idrissi & Trenkner, 2003;
Jong et al., 2011). Taurins un ta halamini (taurina hloramins un taurina bromamins) demonstré
nozimigu pretiekaisuma un citoprotektivu iedarbibu, jo sp€ neitraliz€t mieloperoksidazes
izcelsmes oksidantus iekaisuma vietas, tadéjadi mazinot oksidativo stresu un audu bojajumus
(Marcinkiewicz & Kontny, 2014). Eksperimentali ir pieradits, ka taurins sp&j samazinat
mitohondrialas disfunkcijas induc€tu apoptozi, kav€jot kaspazu kaskades aktivaciju
(Schaffer et al., 2010). Sada aizsargiedarbiba ir Tpasi nozimiga lecas kiedru §inas, jo §anu
zudums tajas nav atjaunojams proliferacijas vai regeneracijas cela, padarot taurinu par
potenciali nozimigu terapeitisku mérki kataraktas patogenézes ierobezosana.

Eksperimentalie pétijumi ar dzivniekiem liecina, ka taurina papildinasana sniedz
nozimigu aizsardzibu I&cai pret oksidativiem un osmotiskiem bojajumiem. Ta sp€ja aizsargat
1&cas audus ir ciesi saistita ar GSH Itmena saglabasanu — mehanismu, kas ir biitisks kataraktas
patogenéze. Taurina lietosana eksperimentalajos modelos normaliz&ja GSH koncentraciju un
samazinaja malondialdehida — lipidu peroksidacijas galaprodukta — Iimeni, tad€jadi noradot uz
taurina antioksidativo iedarbibu (Sevin et al., 2021). Taurinam piemit ar1 sp&ja neitralizet brivos
radikalus un aizsargat 1€cas proteinus no glikacijas — cukuru nekontrolétas saistiSanas ar
proteiniem —, kas ir viens no kataraktas attistibu veicino$ajiem mehanismiem (Devamanoharan
et al., 1997). Pieméram, Pacific Spring zurku modeli, kur 1€cas tika paklautas augstai glikozes
koncentracijai (55,6 mM), lai imitétu diabétiskas kataraktas attisttbu, 30 mM taurina
papildinasana novérsa GSH Iimena samazinaSanos un samazinaja proteinu karbonilaciju —

oksidativa bojajuma markieri (Son et al., 2007). Lidzigas aizsargajoSas IpaSibas taurins
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demonstréja ari GSH deficita izraisita trusu modeli, kur novérota biitiska 1€cas strukturalas
integritates saglabasanas (Malone et al., 1993).

Vel viens nozimigs taurina iedarbibas mehanisms ir ta spgja saglabat mitohondriju
funkcionalo integritati. Taurins stabiliz€ mitohondriju elpoSanas k&des komponentus un
samazina ROS veidoSanos mitohondriju matrica, tadgjadi kavejot lipidu peroksidacijas
kaskades iniciaciju (Seneff & Kyriakopoulos, 2025). ST mitohondriju aizsargfunkcija ir Tpasi
nozimiga, nemot vera, ka mitohondriji vienlaikus ir gan ROS generacijas vieta, gan oksidativa
bojajuma meérkstruktiira (Kuznetsov et al., 2022).

Taurinam piemit ne tikai antioksidativas ipaSibas, bet arl nozimiga neirotransmisijas
modulgjosa un neirotropiska iedarbiba, kas ietekme dazadu acs struktiiru, tostarp l&cas, tiklenes
un ciliara kermena $tnu, funkcionalo stavokli (Wu & Prentice, 2010). L&cas fiziologijas
konteksta Ipasa nozime ir taurina osmoregul€josajai funkcijai, kas nodroSina Stinu tilpuma
stabiliz&$anu un palidz novérst intracelularas tiiskas attistibu (Trachtman et al., 1988). Sis
mehanisms ir biitisks, nemot vera ta saistibu ar kataraktas progreséSanu, 1pasi metabolisku
trauc&jumu gadijumos, pieméram, diab&tiskas vai hiperosmolaras kataraktas formas.

Interesanti, ka taurina koncentracijas samazinasanas novecoSanas procesa tiek noverota
ne tikai acs prieks€ja segmenta, bet art sistematiska limeni — plazma un smadzenés —, kas liecina
par ta potencialu ka biomarkieri biologiskajam vecumam. Dazadu sugu, tostarp pelu, pértiku
un cilvéku, pétijumos ir konstatéts, ka taurina limenis pakapeniski samazinas ar vecumu,
savukart ta papildinaS8ana modelorganismos pozitivi ietekmé dzivildzi, liecinot par taurina
iespgjamo lomu novecoSanas procesa (Singh et al., 2023). Eksperimentali modeli
demonstrgjusi, ka taurina papildinasana ne tikai kavé novecosanai raksturigas fiziologiskas
izmainas, bet ar1 veicina ATP sintézes efektivitati, nodrosina teloméru stabilitati un uzlabo stinu
izdzivosanu (Mashyakhy et al., 2021; Sheikh & Igbal, 2023). Tomér Nacionala veselibas
institiita veiktie pétljumi norada, ka taurins nevar tikt uzskatits par universalu novecosSanas
biomarkieri, jo ta koncentracijas izmainas dazadas populacijas ir atSkirigas un, piemé&ram,
cilvekiem taurina Itmenis korelé vaji ar funkcionalo veselibu, tostarp muskulu spéku un
metabolisma parametriem (Fernandez et al., 2025).

ArT onkologijas Stinas ietekmé taurins. Taurins var inhibét plausu véZza $tnu proliferaciju
un audzgju augsanu, stimulgjot apoptozi caur PUMA—Bax celu un Bcl-2 nomaksanu. Tas norada
uz potencialu pretvéza iedarbibu, vismaz prekliniskos apstaklos (Tu et al., 2018). Leikémijas
cilmes Slinas nespgj sintezet taurinu pasas, tadel tas piesaista to no kaulu smadzenu mikrovides,
izmantojot taurina transportieri (TauT); §1 sadarbiba veicina glikolizi un tad€jadi veicina
laundabigu Stinu proliferaciju. University of Rochester pétnieki ir konstatgjusi, ka TauT

inhibicija miisos kaveé leikeémijas $tinu izplatiSanos un ievérojami pagarina dzivildzi, paverot
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iespéjas jauniem terapeitiskiem risinadjumiem (Sharma et al., 2025). Taurins, kas bagatigi
sastopams neitrofilajos leikocitos, reagé ar mieloperoksidazes radito hipohloroskabi, veidojot
taurina hloraminu, kas samazina oksidativo bojajumu un kavé neitrofilu parmérigu
degranulaciju (Kim et al., 2020). ST antioksidativa un pretiekaisuma iedarbiba var biit nozimiga
arT lecas audu aizsardziba kataraktas attistibas konteksta.

Sie aspekti liecina, ka taurins darbojas ne tikai ka pasivs antioksidants, bet ari ka akivs
regulators, saglabajot Stinu strukturalo un funkcionalo integritati, Tpasi acs 1€cas mikrovidg, jo
oksidativa lidzsvara trauc€jumi var atri pasliktinat redzes kvalitati. Tadgadi taurina
koncentracijas uzturéSana, it Ipasi vecaka gadagajuma individiem, potenciali var kalpot ka
profilaktisks vai terapeitisks strat€gijas elements kataraktas arsté$ana, it seviski kombinacija ar
citiem redoksbalansa modul&josiem savienojumiem, piemé&ram, NAD* prekursoru vai GSH

sint€zes stimul&joso lidzeklu lietoSanu.

NAD" trikums un triptofana—kinurenina metabolisma celS§

NAD" ir centrals koenzims $tinu bioenergétika un redoksreakciju regulacija (Braidy &
Liu, 2020). Ta funkcijas parsniedz tradicionalo lomu ka elektronu akceptoram oksidativas
fosforilacijas procesa — NAD" piedalas arit DNS atjaunoSana, mitohondriju funkciju uzturésana,
ka ar1 kalpo ka substrats NAD* atkarigajiem enzimiem, piem&ram, sirtuiniem un
poli-ADP-ribozes polimerazém, kuri aktivi iesaistiti Siinas stresa atbildes mehanismos
(Houtkooper et al., 2012).

Ar vecumu NAD" koncentracija organisma fiziologiski samazinas, kas noved pie
mitohondriju funkcijas traucgjumiem, redoksbalansa zaudéSanas un S$iinu aizsardzibas
samazinata GSH atjaunoSana, ko izraisa ierobezota NADPH sintéze no NADP*, ka ari
samazinata sp&ja neitralizét oksidativo stresu.

NAD" sintéze var notikt ar1 caur Preiss—Handlera celu, kur nikotinskabe tiek parveérsta
nikotinamida mononukleotida un talak NAD* forma (Bieganowski & Brenner, 2004). Viena no
galvenajam endogénajam NAD® biosintézes shémam ir triptofana metabolisma iesaistitais
kinurenina celS, kas tiek aktivizets Siinu stresa, iekaisuma vai oksidativo bojajumu konteksta
(Ogbechi et al., 2020). Saja cela enzima indoleamin-2,3-dioksigenazes (IDO) aktivitate regule
triptofana parvérSanu par kinureninu (KYN), no kura talak sintez€as NAD' un citi
starpprodukti, pieméram, 3-HK, kinurénskabe (KYNA) un kvinolinskabe (Savitz, 2020).
Sie metaboliti var pildit gan aizsargfunkcijas, gan, parmérigi uzkrajoties, bojat proteinus,
inducg@t apoptozi un destabilizet 1€cas mikrovidi (Savitz et al., 2015). P&tfjumi ar transgénam

pelém, kuram acs léca ir paaugstinata IDO enzima ekspresija, liecina, ka §1 aktivitates
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palielinasanas veicina KYN akumulaciju, izraisa 1€cas $iinu apoptozi un paatrina kataraktas
veidoSanos (Mailankot et al., 2009).

Miusu pétijuma agrinaja kataraktas stadija (SPONCS 2) tika konstatéta nozimigi
paaugstinata IDO aktivitate, kas, visticamak, atspogulo kompensatoru reakciju uz pieaugoso
oksidativo stresu un UV starojuma ietekmi. Sie rezultati norada, ka LEC sakotngji aktivize
NAD" biosintézes alternativos celus, lai atjaunotu energétisko homeostazi un saglabatu Stnu
struktiiras integritati. Tomér kataraktas progreséSanas laika tika novérota IDO aktivitates
samazinasanas, visticamak, saistita ar LEC apoptozi un enzima ekspresijas samazinajumu.

Vienlaikus tika konstatéts, ka kinurenina atvasinajumu Iimenis, 1pasi 3-HK, palielinas
kataraktas v€linas stadijas (SPONCS 4-5), sasniedzot maksimalu koncentraciju.
Sie savienojumi ir atziti par fototoksiskiem, proapoptotiskiem un prooksidativiem faktoriem,
kuru uzkrasanas var veicinat kristalinu denaturaciju, SkérssaistiSanu un 1€cas caurspidiguma
samazinasSanos (Korlimbinis & Truscott, 2006). Interferons gamma (IFN-y) stimulé IDO
ekspresiju LEC, aktivizéjot JAK—STATTI celu, kas veicina kinurenina, ipasi 3-HK, razoSanu.
Sie metaboliti izraisa oksidativo stresu un apoptozi, kas var biit noZimigs mehanisms hroniska
iekaisuma saistita kataraktas attistiba (Mailankot & Nagaraj, 2010).

Fibroblastu augSanas faktors-2 (FGF2) ir svarigs 1€cas Skiedru Siinu diferenciacijai.
Kinurenins kavé FGF2 inducgtu kristalinu un MIP26 ekspresiju peles 1&cas epitélija Stnas,
inhibgjot Akt un ERK1/2 fosforilesanos, taéu ne FGF2 receptoru saisti§anos. Sie dati liecina,
ka KYN var traucét skiedru Stinu diferenciaciju, blokgjot biitisko proteinu razoSanu (Mailankot
et al., 2010). Imiinhistokimiskas analizes apstiprina kinurenina aminotransferazu (KAT I-III)
ekspresiju lecas ekstracelularaja matrica jau kataraktas agrinaja stadija, noradot uz aktivu
kinurenina cela iesaisti $tinu adaptacijas un degeneracijas procesos (Rejdak et al., 2013).

Sada metabolisma dinamika akcenté kinurenina cela nozimi kataraktas patogengzé, un
ta modulacija, pieméram, IDO inhibéSana vai KAT aktivitates stimulacija, var noderét ka
potenciala terapeitiska pieeja. Turklat ne tikai absolutais NAD* [imenis, bet ar1 ta biosintézes
cela kvalitate un metabolitu profils ir biitiski faktori kataraktas attistiba. Tapéc stratégija, kas
apvieno NAD" prekursoru, pieméram, nikottnamida ribozida, papildinasanu ar IDO aktivitates
vai 3-HK veidoSanas modulaciju, varétu piedavat jaunu, vielmainas balstitu pieeju kataraktas

profilaksei un terapijai.

KAT aktivitate ka biomarkieris un terapeitiskais merkis
KAT ir biitisks enzims triptofana—kinurenina metabolisma cela, kas katalizé KYN
parvérSanu par KYNA — metabolitu ar izteiktam neiroaizsargdjosam, antioksidativam un

fotoprotektivam 1pasibam. KYNA ir UV-A spektra (315400 nm) absorbgjoss savienojums, kas

22



spej darboties ka fotosensibilizators, veidojot triskarSo stavokli CKNAH"), kur§ var reaggét ar
citam biomolekulam. KYNA ir konstatéta cilvéka acs 1&ca koncentracija ap 1-2 uM/mg, un,
paklaujot UV starojumam, ta var piedalities proteinu oksidativas modificéSanas procesos,
potenciali veicinot kataraktas attistibu (Morozova et al., 2023). UV starojuma ietekmé KYNA
pariet tripleta stavokli un inducé paSoksidaciju, veidojot reaktivus radikalus, kuri kovalenti
piesaistas aminoskab&m, pieméram, triptofanam un tirozinam. Sie rezultati liecina, ka KYNA
var veidot proteinu modifikacijas dzivos audos un potenciali veicinat ar UV starojumu saistitus
bojajumu mehanismus (Morozova et al., 2023). Cilvéka un zurku kataraktas modelos novérota
KYNA koncentracijas paaugstinasanas un KAT I/II ekspresijas aktivacija atkariba no
kataraktas smaguma (Zarnowski et al., 2005; Zarnowski et al., 2007). KYNA ir paaugstinata
multiplas sklerozes pacientu plazma, kas liek secinat par tas iesp&jamu aizsargfunkciju pret
ekscitotoksisku bojajumu (Hartai et al., 2005). Kinurenina cela metaboliti — KYN, 3-HK un to
glikozidi — funkcioné ka endogéni UV filtri acs Iéca, absorbgjot kaitigo starojumu un nodrosinot
fotoprotekciju, tacu to vecuma laika palielinata saistiba ar kristalinu un potenciala
fotosensibiliz€josa iedarbiba var veicinat oksidativo bojajumu un kataraktas attistibu
(Zarnowski et al., 2005).

KAT aktivitate ir biitiska I€cas caurspidiguma un strukturalas integritates uzturésana, jo
ta regulé lidzsvaru starp aizsargdjoSajiem un potenciali toksiskajiem kinurenina cela
metabolitiem. Musu pétijjuma dati norada, ka KAT aktivitate sasniedz augstako Itmeni
kataraktas agrina stadija (SPONCS 2), kad 1&ca v&l spgj aktivi pretoties oksidativajam stresam
un virzit kinurenina metabolismu aizsargdjosa virziena. ST paaugstinata aktivitate, visticamak,
atspogulo kompensgjosu adaptacijas mehanismu, ar kuru Siinas censas neitralizét UV starojuma
inducéto ROS iedarbibu un uzturét redoksbalansu.

Tomer, slimibai progres€jot, miisu dati norada uz pakapenisku KAT aktivitates
samazinasanos, Tpasi SPONCS 4-5 stadija. So regresivo tendenci, iesp&jams, izraisa piridoksala
5-fosfata (Bs vitamina aktivas formas) samazinaSanas (Whittaker, 2016), kas nepiecieSama
KAT Kkatalitiskajai darbibai, vai ar1 enzima strukturala bojaeja oksidativa stresa ietekmé
(Francisqueti et al., 2017). Enzimu funkciju var trauc€t ari posttranslacijas modifikacijas,
piemé&ram, nitrozilacija (Song et al., 2011) vai karbonilacija (Ortufio-Sahagtn et al., 2014), kas
zinatniskaja literatiira tiek saistita ar dazadu Stinu funkciju zudumu novecosanas laika.

Sada KAT aktivitates disfunkcija noved pie KYNA sintézes samazinasanas, 1idz ar to
samazinot fotoprotektivo aizsardzibu un palielinot iesp&u, ka KYN tiek parvirzits uz
alternativiem celiem, pieméram, 3-HK vai kvinolinskabes razoSanu. Abiem Siem metabolitiem
ir prooksidativa un proapoptotiska iedarbiba, un tie sp&j Skerssaistit kristalinus, destabilizgjot

to struktiiru un veicinot opacitati.
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Interesanti, lai gan citi kinurenina cela enzimi, pieméram, kinurenina monooksigenaze,
Skiet mazak mainigi dazadas kataraktas stadijas, tieSi KAT izrada visizteiktako aktivitates
gradientu. Tas norada uz KAT ipaSo jutigumu pret mikrovides izmainam, padarot to par
potencialu indikatoru metaboliskajam parmainam kataraktas progresija.

Tadgjadi KAT var tikt uzskatits ne tikai par potencialu biomarkieri, bet arT par mérka
punktu terapeitiskam iejaukSanas strat€gijam. Agrina slimibas stadija iesp&ams apsvert
piridoksala 5-fosfata papildinaSanu vai KYNA analogus ka lidzeklus, kas pastiprina Siinas
aizsardzibu pret fotooksidativu bojajumu. Veélinakas stadijas biitu lietderigi attistit pieejas, kas
samazina 3-HK uzkraSanos vai neitraliz€ to raditas sekas, pieméram, inhib&jot kaspazes

aktivaciju vai veicinot kristalinu stabilizaciju.

Metaboloma atSkiribas pacientiem ar dazadam oftalmologijas patologijam

Izmainas pacientiem ar PEXS

Miusu pétijuma rezultati norada, ka PEXS ir saistits ar izteiktiem vielmainas
trauc€jumiem, kas veicina stinu bojaeju ferroptozes mehanisma — dzelzs atkariga, reguléta Stunu
naves forma, ko raksturo lipidu peroksidacija un oksidativa stresa inducéta Stinu disfunkcija.
(Chen et al., 2021). Identificétie metaboliskie profili, tostarp paaugstinats cistina un citrulina
Iimenis, ka arT izmainas ubikvinona metabolisma, liecina par antioksidativas aizsardzibas
funkcionalitates traucjumiem (de Baat et al., 2023). Sie novérojumi uzsver, ka PEXS nav
reducgjams vienigi uz prieksgja segmenta morfologiskam izmainam, bet drizak atspogulo
sistémiskus S$iinu vielmainas un redokslidzsvara traucgumus, kas var biit bitiski slimibas
patogenézes dzilakai izpratnei un potenciali jaunu terapijas stratégiju izstradei (Scharfenberg &
Schl6tzer-Schrehardt, 2012).

Sie atklajumi batiski paplasina lidz§ingjo izpratni par PEXS patofiziologiju, piedavajot
konceptuali jaunu skatijumu uz slimibas izcelsmi — ne tikai ka lokalu fibrilara materiala
uzkraSanas procesu, bet ar1 ka sisteémiski reguleétu vielmainas disfunkciju ar potenciali
destruktivam sekam redzes funkcijai (Zenkel & Schlotzer-Schrehardt, 2014). Turklat petijuma
identificétie metaboliskie biomarkieri, kas iesaistiti ferroptozes mehanismos un oksidativa
stresa celos, var bt nozimigs pamats jaunu terapeitisku strat€giju izstradei. Mérktieciga $o
metabolisma celu modulacija nakotné varétu veicinat metabolomika balstitas, personalizetas
pieejas izstradi PEXS pacientu arstéSana, potenciali samazinot intraoperativo komplikaciju

risku kataraktas kirurgijas laika.
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Izmainas pacientiem ar glaukomu

Misu pétijums identific€ja vairakus metabolitus, kas var biit iesaistiti glaukomas
patogenézeé. Glaukomas pacientu grupa tika konstatéta butiska triptofana, fenilalanina, tirozina,
leicina un glutamina koncentracijas palielinasanas, kas norada uz trauc€jumiem aromatisko
aminoskabju metabolisma (Lynch & Dudareva, 2020). Sis izmainas varétu bat saistitas ar
aromatisko aminoskabju hidroksilazu aktivitates samazinaSanos, kuru darbiba ir atkariga no
tetrahidrobiopterina (BH4) — bitiska kofaktora dazados enzimu procesos, tostarp slapekla
oksida (NO) sinteze (Kim & Han, 2020). BH. deficits var rasties oksidativa stresa apstaklos, ka
ar1 nepietickamas BHas biosintézes, atjaunosSanas traucgumu vai metiléntetrahidrofolata
reduktazes géna polimorfismu rezultata (Raghubeer & Matsha, 2021). Sadi vielmainas
traucjumi var veicinat intraokulara spiediena palielinaSanos NO biodisponsibilitates
samazinaSanas dé] (Aliancy et al., 2017), ka ar1 sekmé& glaukomai raksturigos
neirodegenerativos procesus (Lionaki et al., 2022).

Identificétie metaboliskie trauc&jumi norada, ka glaukomas attistiba biitiska loma varétu
bt ne tikai paaugstinatam intraokularajam spiedienam, bet art sist€miskiem Stinu metabolismu
ietekmgjoSiem faktoriem, tostarp redokslidzsvara traucg€jumiem un aminoskabju vielmainas
disbalansam (Wang et al., 2021). Paaugstinats glutamina un leicina Iimenis var liecinat par §tinu
méginajumiem aktivét neiroprotektivus kompensacijas mehanismus, mazinot eksitotoksisko
bojajumu ietekmi (Lotery, 2005). Sie dati papildina izpratni par glaukomu ka multifaktorialu,
vielmainas procesus modulétu neirodegenerativu slimibu, kur nozimiga loma varétu biit ari
biopterina cela regulacijai (Eichwald et al., 2023). Tad&jadi turpmaki petijumi $aja joma var&tu
veicinat jaunu metabolisma biomarkieru identifikaciju un pamatot antioksidantu vai

metaboliski mérketu terapiju izmantoSanu glaukomas profilaks€ un arstéSana.

Izmainas pacientiem ar cukura diabétu

Misu pétijuma tika identific€tas butiskas metaboliskas atskiribas intraokularaja
Skidruma starp pacientiem ar un bez cukura diabéta, kuriem tika veikta kataraktas ekstrakcijas
operacija. Diabéta pacientu grupa tika konstatéta ievérojami paaugstinata 3-HK, histamina un
oktanoilkarnitina koncentracija, ka art samazinats putrescina limenis, kas kopuma liecina par
traucétu triptofana metabolismu, pastiprinatu oksidativo stresu un iesp&jamu iekaisuma aktivitati
acs priekSgja segmenta. Metabolisko celu bagatinaSanas analize 1paSi uzsvéra kinurenina cela
aktivaciju, kas saskan ar pieaugoSajiem pieradijumiem par §1 cela iesaisti diabéta inductajos
oksidativajos un neirodegenerativajos bojajumos (Koziet & Urbanska, 2023).

legiitie rezultati apstiprina, ka diab&ta izraisitie patofiziologiskie procesi acs prieksgja
segmenta atspogulojas art metaboliskaja profila, kas sniedz papildu pieradijumus par sist€misku

vielmainas disregulaciju Siem pacientiem (Dolar-Szczasny et al., 2024). Identific€tie metaboliti
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var kalpot ka potenciali biomarkieri ar iesp&jamu diagnostisku vai prognostisku nozimi, 1pasi
diabétiskas retinopatijas attistibas vai progresésanas konteksta (Ma et al., 2024). Tomer, nemot
veéra korekciju par daudzkartgju test€Sanu un augstaku kltidas Itmeni, rezultati interpretgjami
piesardzigi un uzskatami par hipotézes generéjoSiem, kam nepiecieSams apstiprinajums

neatkarigos kohortas p&tijumos.

26



Secinajumi

1. Pacientiem ar augstakas pakapes l&cas cietibu konstatjamas statistiski nozimigas
intraokulara skidruma metaboloma atskiribas, 1pasi antioksidantu sistémas, aminoskabju
metabolisma un kinurenina cela. Sie rezultati apstiprina hipotézi par specifiska metabolitu
profila klatbutni atkariba no kataraktas attistibas pakapes.

2. Prieksgjas kameras dzilums un tilpums miisu pétijuma neuzradija statistiski nozimigu
saistibu ar l&cas cietibas pakapi, tadel hipotéze par lielaku ACD un ACV ka kataraktas
progresijas paatrinataju netika apstiprinata.

3. Pacientiem ar PEXS identificétas gan izteiktas biometriskas, gan metaboliskas izmainas:
samazinats ACD, ACV un acs garums, ka arT metaboloma profils, kas atspogulo
rezultati norada, ka PEXS ir ne tikai strukturala, bet arT sist€émiska vielmainas deregulacijas
slimiba.

4. Glaukomas pacientiem tika identific€tas butiskas metabolitiskas izmainas, tostarp
triptofana, fenilalanina, tirozina, leicina un glutamina pieaugums, kas norada uz traucétu
aromatisko aminoskabju metabolismu un iesp&jamu BHa deficitu. Tas papildina izpratni
par glaukomu ka multifaktorialu vielmainas un neirodegenerativu slimibu.

5. Cukura diabéta pacientiem konstatetas butiskas intraokulara Skidruma metaboloma
izmainas, tostarp 3-HK, histamina un oktanoilkarnitina pieaugums un putrescina
samazinajums. STs izmainas atspogulo kinurenina cela aktivaciju, oksidativo stresu un
iekaisuma procesus priek§¢ja segmenta un var kalpot par potencialiem biomarkieriem

diabétiski saistito acu komplikaciju arstésanai.

Teoretiskas atzinas par kataraktas vielmainas mehanismiem

1. Novecosanas un redokslidzsvara izmainas

Novecosanas gaita organisma pakapeniski rodas redokslidzsvara trauc€jumi, jo ROS
razoSana parsniedz antioksidantu aizsardzibas kapacitati, kas veicina oksidativo stresu gan acs
1&ca, gan citos audos.

2. Glutationa loma kataraktas patogenéze

GSH sisttma lécas epitelija Stnas ir primarais oksidativa stresa neitralizators.
Samazinoties GSH rezervém, l€cas proteini kliist jutigaki pret lipidu peroksidaciju un citam

oksidativam modifikacijam, veicinot kristalinu denaturaciju un l€cas opacitates palielinasanos.
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3. Taurina aizsargfunkcija

Taurins darbojas ka papildu antioksidants un osmoregulators, uzturot S$iinu
redokslidzsvaru. Pietiekams taurina Iimenis palidz optimizét GSH izmantoS$anu aizsardziba pret
ROS un kavé agrino kataraktas patogenétisko mehanismu attistibu.

4. Kinurenina cela aktivacija GSH deficita apstaklos

GSH rezerves izsitkuma gadijuma Stnas aktivizé alternativus antioksidativos
mehanismus, tostarp triptofina metabolisma kinurenina celu. Saja cela paaugstinita IDO un
KAT aktivitate veicina KYNA raZoSanu.

5. Toksisko starpproduktu — 3-HK — uzkrasanas

Nepietieckama kofaktoru, pieméram, vitamina B6, pieejamiba ierobeZo kinurenina cela
metabolitu pareizu parveidi, izraisot prooksidativu un fototoksisku 3-HK akumulaciju. Sie
toksiskie starpprodukti veicina proteinu karbonilaciju, apoptozi un papildu ROS razoSanu, radot
apburto loku, kas paatrina leécas apdulkoSanos.

6. Cilveka lécas caurspidiguma saglabasanas stratégijas

Lai kavetu kataraktas progresiju, nepiecieSama integréta pieeja, kas ietver:

* GSH rezervju atjaunoSanu (pieméram, GSH prekursoru papildinasanu),

* taurina [Tmena uzturé€Sanu optimala diapazona,

 kinurenina cela aktivitates modulaciju, izmantojot IDO vai KAT inhibitorus, ka ar1

kofaktoru atjaunosanas terapiju.

Kataraktas patogenéze ir cieSi saistita ar vielmainas un redoksbalansa disfunkcijam,
kuras bitiskakais ir GSH deficits un toksisko kinurenina cela starpproduktu uzkrasanas.
Sie mehanismi ne tikai veicina oksidativo stresu un proteinu agregaciju, bet ari ietekmé NAD*
homeostazi un trauc€ $tinu energijas metabolismu, TpasSi anaerobos apstaklos 1&cas kodola.
Merketas metabolisma terapijas izstrade, kas vienlaikus atjauno antioksidativas rezerves
sist€tmas (pieméram, ar GSH un taurina papildinasanu) un kavé toksisko starpproduktu
veidoSanos kinurenina vai citu $iinas stresa celu aktivacijas laika, varétu bt efektivs lidzeklis

kataraktas profilaksei un slimibas progreséSanas paléninasanai.
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Priekslikumi

Turpmakai attistibai ieteicams vérst uzmanibu uz dzilaku intraokulara Skidruma
metabolomikas izpéti, integrgjot plasakas metabolitu un lipidu analizes. Sada multidisciplinara
pieeja lautu identificét jaunus biomarkierus, kas saistiti ar kataraktas progresiju, Ipasi
agresivakam vai straujak progresg€josam slimibas formam. Metabolisko izmainu raksturo$ana
varétu palidzet labak saprast redoksbalansa traucgjumus, kristalinu agregacijas mehanismus un
Stinu bojajuma attistibu dazadas kataraktas stadijas.

IpaSa uzmaniba biitu japievers kinurenina cela un NAD* metabolismam lécas audos.
Turpmakie pétijumi varétu fokuséties uz toksisko kinurenina cela starpproduktu uzkraSanas
saisttbu ar kristalinu strukturalajam izmainam, proteinu agregaciju un S§lnu naves
mehanismiem. Vienlaikus biitu nozimigi analizét NAD* pieejamibu un tas saistibu ar
energétiskas homeostazes saglabasanu, nemot véra, ka NAD"' izsikS§ana var sekmét
redoksbalansa zudumu un LEC uznémibu pret oksidativiem bojajumiem.

Eksperimentala Iimeni nakotnes pétijumos butu lietderigi parbaudit metabolitiski
mérk&tu terapiju efektivitati, pieméram, taurina un GSH donoru kombinéto lietojumu, ka ari
NAD* prekursoru papildinasanu. Sadas terapijas stratégijas potenciali varétu kavét kataraktas
progresiju, atjaunojot antioksidativas rezervju sist€mas un ierobezojot toksisko starpproduktu
uzkrasanos. Turklat biitu nozimigi izverteét sadu intervenciju efektivitati dazadas kataraktas
stadijas, lai noteiktu optimalu profilaktisku vai arstniecisku pieeju.

Kliniska [tmeni perspektiva ir integrét intraokulara skidruma metabolitu profilus ka papildu
biomarkierus agrinai slimibas diagnostikai un personalizétai kirurgijas plano$anai. Ipasi nozimigi
tas var€tu but pacientiem ar PEXS vai citiem prieksgja segmenta nestabilitates riska faktoriem, kur
savlaiciga riska stratifikacija var samazinat intraoperativo komplikaciju iespgjamibu. Vienlaikus
precizaka ACV un ACD novértésana un validétas aprékinu formulas izmantosana sniedz iesp&ju
paplasinat riska izveértéSanas un kirurgiskas taktikas planoSanas iespgjas.

Turklat iegttie rezultati un nakotnes p&tijumi potenciali sniedz plasaku ieguldijumu ne
tikai oftalmologija, bet arT citu proteinu agregacijas slimibu, pieméram, Alcheimera un
Parkinsona slimibas, izpratng. STm slimibam raksturigi lidzigi pamatmehanismi — oksidativais
stress, NAD" izsikS§ana, mitohondriju disfunkcija un proteinu strukturalas izmainas.
Multidisciplinara pieeja, kas apvieno metabolomiku, biokimiju un klinisko praksi, var pavert
celu uz personalizétam un mérk&tam strate€gijam kataraktas profilaksé un arstésana, vienlaikus
paplasinot izpratni par neirodegenerativu un proteinu agregacijas slimibu, saistitu ar vecumu,

mehanismiem.
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Abstract

Introduction: The lens’s metabolic demands are met through a continuous circulation of aqueous humor,
encompassing a spectrum of components such as organic and inorganic ions, carbohydrates, glutathione, urea,
amino acids, proteins, oxygen, carbon dioxide, and water. Metabolomics is a pivotal tool, offering an initial
insight into the complexities of integrated metabolism. In this investigative study, we systematically scrutinize
the composition of intraocular fluid in individuals afflicted with cataracts.

Methods: The investigation involved a comprehensive analysis of aqueous humor samples from a cohort
comprising 192 patients. These individuals were stratified by utilizing the SPONCS classification system,
delineating distinct groups characterized by the hardness of cataracts. The analytical approach employed targeted
quantitative metabolite analysis using HILIC-based liquid chromatography coupled with high-resolution mass
spectrometric detection. The metabolomics data analysis was performed with MetaboAnalyst 5.0.

Results: The results of the enrichment analysis have facilitated the inference that the discerned disparities among
groups arise from disruptions in taurine and hypotaurine metabolism, variations in tryptophan metabolism, and
modifications in mitochondrial beta-oxidation of short-chain saturated fatty acids and pyrimidine metabolisim,
Conclusion: A decline in taurine concentration precipitates diminished glutathione activity, prompting an
elevated requirement for NAD+ and instigating tryptophan metabolism along the kynurenine pathway.
Activation of this pathway is additionally prompted by interferon-gamma and UV radiation, leading to the induc-
tion of IDO. Concurrently, heightened mitochondrial beta-oxidation signifies a distinctive scenario in translocat-
ing fatty acids into the mitochondria, enhancing energy production.

Keywords: cataract, metabolomics, taurine, IDO, NAD+, tryptophan, mitochondrial beta-oxidation

Introduction to cataracts persist at elevated levels, notwithstanding a decreas-
ing trend in incidence observed across various geographical

pproximately 95 million individuals across the globe are  regions worldwide.” The exclusive remedial approach for
afflicted by cataracts.! The prevalence and absolute  cataracts is surgical infervention, making it one of the most
numerical count of individuals affected by blindness attributed  prevalent surgical procedures globally.® Comprehending the
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structural underpinnings of protein stability and interactions
within the unimpaired ocular lens constitutes the pivotal path
toward addressing the substantial medical and economic chal-
lenges of cataracts.”

The lens is an intricately structured, transparent optical syn-
cylial tissuc whose primary function is o converge incoming
light onto the retinal surface. Its transparency is a consequence
of the composition of its constituent fiber cells, which consist
of densely concentrated proteins.” A monolayer of epithelial
cells is located in immediale proximity to the anterior lens
capsule. These cells exhibit heightened metabolic activity and
engage in the full spectrum of typical cellular functions,
cncompassing DNA. RNA, protein, and lipid biosynthesis.
The mammalian lens is composed of three distinct categorics
of erystallin proteins, namely alpha (o), beta (B), and gamma
(), each composed of several subunits.®

The lens is characterized by the absence of both vasculari-
zation and innervation. The lens has developed an internal ion
circulation mechanism intricately linked to fluid motion,
establishing an internal microcirculatory system. This adapta-
tion compensates for the absence of vascularization within the
lens.” Consequently, the metabolic requirements of the lens
arc sustained through a continuous circulation of agucous
humor, which functions as a medium for eliminating meta-
bolic waste products and transporting essential nutrients.?

The aqueous humor is produced by the ciliary epithelium
through the active transport of solutes. primarily sodium chlo-
ride, from the stroma to the posterior chamber of the eye, with
the passive movement of water accompanying this process.”
Aqueous humor formation involves three distinct mecha-
nisms: diffusion, ultrafiltration, and active sccretion.® The
cnergy needed for active transport is generated by the hydroly-
sis of adenosine triphosphate to adenosine diphosphate.'” This
process is facilitated by the enzyme Na-K-ATPase, which is
present in both pigmented and nonpigmented ciliary epithelial
cells. Of notable pharmacological significance, Na-K-ATPase
can be inhibited by various molecules, including cardiac gly-
cosides. dinitrophenol, and acetazolamide.!' The primary con-
stituents of the aqueous humor include organic and inorganic
ions, carbohydrates, glutathione, urea, amino acids, proteins,
oxygen, carbon dioxide, and water.'?

While metabolic diseases are frequently associated with their
characteristic metabolites (such as diabetes with glucose and
cardiovascular discasc with cholesterol), it is essential to recog-
nize that biochemical pathways do not operate in isolation;
instead, they are interconnected and influence each other."?
Advancements in analytical technologies have reached a stage
where most known endogenous metabelites can be quantified
using one of several existing analytical platforms.'# These tech-
nologics arc integral to the swiftly evolving ficld of metabolo-
mics, offering rescarchers an initial glimpse into the intricacics
of integrated metabolism and, consequently, the profound
impact of integrated metabolism on human health. To elucidate
deviations in the levels of specific metabolites from the normal
range and, more significantly, to forecast how to modity inputs,
such as diet, drugs, and lifestyle, to achieve a desired metabolic
alteration, an in-depth understanding of the functionality of
pathways and their associated reactions is imperative.'?

Mctabelomics leverages advanced analytical chemistry
methedologies to facilitate the high-throughput characteriza-
tion of metabolites from cells, organs, tissues, or biofluids. '
The rapid expansion of metabolomics research has spurred a
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renewed fascination with metabolism and the pivotal roles
that small-melecule metabolites assume in many biological
processes. Conscquently, conventional perspectives regarding
metabolites, previously regarded as mere constituents of cellu-
lar structure or as cellular energy sources, are undergoing a
profound tansformation. Indeed, metabolites are increasingly
recognized for their diverse and pivotal functions as signaling
molecules, immune system regulators, endogenous toxins,
and sensors responsive to environmental cues.!”

Not only are alterations in metabolism observable but also
the tools to interpret these changes within the context of spe-
cilic metabolic pathways are readily available. This is primar-
ily because understanding biochemical pathways has been a
central research objective in the life sciences for well over a
century.'?

Methods
Study design

The investigation entailed the examination of aqueous humor
specimens derived from a cohort comprising 192 patients who
underwent cataract surgery at Pauls Stradins Clinical University
Hospital. These patients were categorized into two groups based
on the SPONCS!® classification system, which ditferentiated
between individuals with hard and softer cataracts. Patients with
softer cataracts were categorized within stages 1 to 3, encom-
passing subcapsular cataracts with a clear nucleus, mild hard-
ness, and moderate hardness. In contrast, harder cataracts were
classified within stages 4-3, including advanced hardness and
hypermature/Morgagnian cataracts. According to this approach.
the study groups were categorized into 130 cases with soft cata-
racts and 62 with hard cataracts. Among the chosen participants.
70 were men, while 122 were women. The average age of indi-
viduals diagnosed with cataracts was 73.7 years, with a standard
deviation of + 9.29, The age range varied from a minimum of
S0 years to a maximum of 94 years. Itis noteworthy that patients
with concomitant ocular pathologies, such as glaucoma. age-
related macular degeneration, or diabetes, were not excluded
from the study {I'able 1).

TABLE 1. SUMMARY OF DEMOGRAPHICS AND OPHTHALMIC
COMORBIDITIES AMONG PATIENTS INCLUDED IN THE STUDY

Sefi Hard

Variable fn= {30} n=62) P value
Age, mean (SD) 73.71£9.13 73.8 £9.70 0.935
Gender (.293

Male 44 (22.9%) 26 (13.5%)

Female 80 (44.8%) 36 (18.8%)
Glaucoma 0.01

Present 37 (19.3%) 7 (3.6%)

Abscent 03 (48.4%) 55 (28.6%)
Pscudocxfoliation (0.352

syndrome

Present 57 (29.7%) 23 (12.0%)

Absent 73 (38.0%) 39 (20.3%)
Diabetes (0.573

Present 34 (17.7%) 14 (7.3%)

Absent 96 (50.0%) 48 (25%)

The #-test was used for comparing age distributions, while the
chi-squared test was employed for analyzing associations among
categorical variables.
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Before the commencement of the surgical procedure, a para-
centesis was performed, followed by a biopsy of the aqueous
humor employing a 27G needle. Depending on the quantity of
available fluid, between 30 and 120 pl. of aqucous humor were
aspirated and subsequently transferred to Eppendorf tubes.
These samples were then promptly frozen and transported to the
Faculty of Materials Science and Applied Chemistry of Riga
Technical University for storage and subsequent analysis.

The research conducted adhered to the Declaration of Hel-
sinki. Notably, the study’s ethical considerations underwent
meticulous scrutiny and obtained approval from the Medical
FEthics Committee of Rigas Stradins University, as indicated
by decision number 2-PEK-4/307/2023. Furthermore, the
study received the necessary approval from the Pauls Stradins
Clinical University Hospital.

Metabolite analysis

Metabolites were extracted using a methanol-based extrac-
tion protocol. Around 10 pL of the aqueous humor sample
was transferred to an empty Eppendort tube and mixed with
80 pL methanol and 10 pL isotopically labeled internal stand-
ard. Bach sample was vortexed lor 15 s and then centrifuged
for 10 min at 10.00 RPM. The supernatant was transterred
into an HPLC glass vial.

Targeled quantitative metabolite analysis was conducted
using HILIC-based liquid chromatography combined with
mass spectrenmetric detection employing a Therma Orbitrap
Exploris 120 mass spectrometer, An ACQUITY UPLC BEH
Amide 1.7 pm 2,1 % 100 mm analytical column (Watcrs) was
cmployed for chromatographic scparation. The gradient clu-
tion was carried out using 0.15% formic acid and 10 mM
ammonium formate in water as mobile phase A and a solution
of 0.15% formic acid and 10 mM ammonium formate in §5%
acetonitrile as mobile phase B. The initial conditions were set
to 100% in mobile phase B. After 6 min, a 0.1 min gradient
(6.0-6.1 min) was started, and the mobile phase B level was
reduced to 94.1%. From 6.1 to 10 min, mobile phase B was set
to 82.4%, and from 10 to 12 min mobile phase B was set to
T0.6%. The column was then equilibrated for 6 min at initial
conditions. The total analysis time was 18 min. The mobile
phase flow rate was 0.4 mL/min, the injection volume was
2 pL, and the column temperature was 40°C. For MS detec-
tion, an Orbitrap Exploris 120 (Thermos Fisher Scientific)
mass speetrometer was used. The MS analysis was per-
tormed in ESI positive and ESI negative moedes using full
scan detection; the scan range was sct from 50 to 600 m/z,
and the mass resolution was set to 60000. The ESI spray volt-
age was set to 3.5 kV in positive mode and 2.5 kV in negative
mode; the gas heater temperature was set to 400°C; the capil-
lary temperature was sct to 330°C; the auxiliary gas How rale
was set o 12 arbitrary units; and the nebulizing gas (low rate
was set to 50 arbitrary units. For quantitative analysis, seven-
point calibration curves with internal standardization were
used. Tracefinder 51.1 General Quan (Thermo Fisher Scien-
tific) softwarc was uscd for LC-MS data processing and
quantification. Every reported metabolite was identified at
level A' by using an authentic standard compound previ-
ously mapped to the analytical system. Detailed information
about metabolite identification (R'T. m/z. HMDB IDs) is pro-
vided in the Supplementary Table S1.
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Metabolite data analysis

The metabolomics data analysis was performed with
MectaboAnalyst 5.0.2° Data normalization was implemented to
ensure that metabelites of different magnitudes were reason-
ably analyzed. Specifically, the metabolite levels with differ-
ent ranges were normalized by the median with a log (base 10)
transformation. The metabolite levels were scaled by mcean-
centered and divided by the square root of the standard devia-
tion of each variable. The statistical analysis was conducted
with the normalized concentrations of cach metabolite, The
two-group comparisen dala were analyzed by an unpaired
i-test using parametric tests. A cne-way analysis of variance
(ANOVA) followed by a Tukey’s comparison was used for sta-
tistical analysis. Enrichment analysis was applicd bascd on
SMPDB (the Small Molecule Pathway Database).

Results

The outcomes of the enrichment analysis have enabled us
to infer that the observed distinctions among groups emanate
from perturbations in taurine and hypotaurine metabolism.
alterations in tryptophan metabolism, and mitochondrial beta-
oxidation of short-chain saturated fatty acids.

By employing a targeted metabolomics approach, more
than 100 metabolites were measured, with 54 of these com-
pounds identified in the agueous humor samples shown in Fig-
urc 1A. Noteworthy constituents cncompassed amine acids,
organic acids, acylcarnitines, nucleotides, and glucose. A dis-
cernible disparity in metabolite profiles was noted between
soft and hard cataracts. Amino acids within aqueous humor
samples obtained [rom individuals with hard cataracts exhib-
ited reduced levels compared with those observed in the soft
cataract cohorts. Cenversely, constituents of the carnitine fam-
ily, particularly octanoyl-carnitine, demonstrated heightened
concentrations, as shown in Tigure 1B. Notably, amino-n-
butyric acid displayed a notable increase in concentration in
hard cataracts (5.08 M) relative to soft cataracts (1.01 uM),
yiclding a fold change of 7.82 and a highly significant p-valuc
(£ =0.0003). Similarly, kynurenine and members of the carni-
tine family shown in Figure 1C, including octanoylcarnitine
and butyrylcarnitine, exhibited significant elevations in hard
cataracts, with P-values of 0.0036 and 0.0066, respectively.
The fold change for octanoylcarnitine was particularly pro-
nounced at 29.21, indicative of a substantial metabolic altera-
tion associated with cataract hardness, Although the fold
change lor tryptophan was modest (FC = 0.40), its levels still
manifested a statistically significant difference (P = 0.0456),
albeit with a smaller effect size.

Pathway enrichment analysis, a computational technique in
molecular biology. was applicd to discern the most signifi-
cantly altered metabolic pathways. This method identifies bio-
logical functions overrepresented in a group of metabolites,
surpassing what would be expected by chance alone. The sub-
scquent ranking of these functions is based on their relevance
within the analyzed metabolite set. The outcome of the path-
way enrichment analysis unveiled notable impacts on taurine
metabolism, fatty acid P-oxidation, and pyrimidine metabo-
lism, as shown in Figure 1D.

Onc hit (taurinc) out of 14 compounds was identified in the
context of taurine and hypotaurine metabolism. For mitochon-
drial beta-oxidation of short-chain saturated fatty acids, two
hits (carnitine and octanoylcarnitine) were detected out of
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Metabolomic analysis of differences between aqueous humor samples from soft and hard cataracts.

(A) Heatmap depicting the relative changes of all quantified metabolites. (B) Volcano plots showing fold changes (FC) and
p-values between hard and soft cataracts. The cutoff values for FC were 1.2 and —1.2, for a p-value of 0.05. (C) Metabolite
concentrations of the most significantly changed metabolites in the hard and soft cataract groups. (D} In pathway enrichment
analysis, the hit ratio is computed by dividing observed hits by expected hits.

27 total compounds. Five hits shown in Figure 2A were
identified out of 59 compounds in tryptophan metabolism.

These results further contribute to understanding the nuanced

alterations in metabolic pathways associated with the observed

distinctions between hard and soft cataracts.

In the tryptophan metabolism pathway, an oxoglutaric acid
gains an amino group from Kynurenine to form a glutamic acid,
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as shown in Figure 2B. The lower level of kynurenine may result
in a lower level of glutamic acid in the soft cataract group.

Osmolytes constituie a category of low-molccular-weight
organic compounds that notably influence the characteristics
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FIG. 2. Tryptophan metabolism pathway alteration. (A) The concentrations of metabolites involved in tryptophan
mctabolism i1n hard and soft cataract agucous humor samples. (B) Mctabolites that were detected from the tryptophan
metabolism pathway. Kynurenine and glutamic acid are significantly downregulated in the soft cataract group.
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of biological fluids. This class of organic molccules is crucial
in modulating osmotic pressure and upholding cellular home-
ostasis across diverse organisms, particularly in response to
environmental stressors.?! Osmolytes also play a role in
impeding the accumulation of reactive oxygen species (ROS),
mitigating DNA and RNA damage, and inhibiting transcrip-
tion processes. Numerous osmolytes, including sugars, amino
acids, and polyols, enhance protein stability by facilitating
their compaction into native structures. This mechanism res-
cues defective proteins, averting intracellular toxicity.?

Taurine, a pivotal organic osmelyte within mammalian
cells, undergoes notable dynamics in response to osmotic cell
swelling.>? Specifically, there is an augmentation in taurine
release facilitated through a volume-sensitive taurine efflux
pathway, concomitant with a reduction in active taurine
uptake mediated by the taurine-specific transporter TauT. The
intricacies of cellular signaling cascades, the profile of second
messengers, the activation patterns of specific transporters,
and the subsequent temporal dynamics governing the readjust-
ment of osmolyte content and cellular volume exhibit consid-
erable variability across distinct cell types. >

Taurine manifests diverse physiological functions, encom-
passing conjugation with bile acids, osmorcgulation, antioxi-
dation, facilitation of neuronal development, and membrane
stabilization.?> The antioxidative efficacy of taurine hinges on
its ability to mitigate mitochondrial oxidative stress.>® When
cxamining the clinical complications associated with diabetes,
a nexus becomes apparent between perturbed taurine metabo-
lism and the onset of cellular dysfunctions. These dysfunc-
tions contribute significantly to the clinical complications
observed in diabetes.”

Numgerous investigations have been conducted to clucidate
the beneficial ramifications of taurine supplementation and its
facilitation of intricate physiological processes. Taurine is
obscrved to exert a stimulatory cffeet on both protein synthesis
and the prolileration of C3Cy»> myoblast cells, a phenomenon
mediated through the PI3K-ARID4B-mTOR pathway. This
delineation provides a nuanced comprehension of the regulatory
mechanisms by which taurine modulates anabolic processes
within muscle cells.?® Taurine demonstrates inhibitory cffects
on methamphetamine-induced autophagic processes by
activating mTOR. In the context of METH-induced dam-
age to PCI12 cells, taurine protects against ROS produc-
tion, apoptosis, and autophagy. This protective cffect is, at
least in part, mediated through the mTOR signaling path-
way.”® The attenuation of acrylamide-induced apoptosis
in vivo by taurine through a PI3K/AKT-dependent pathway
offers novel insights into the molceular mechanisms underly-
ing taurine was observed to diminish phosphorylation levels
of ERK /2 without affecting the phosphorylation of adeno-
sine monophosphate-activated protein kinase or ribosemal
protein S6 kinase associated with the MTORC1 pathway.
These findings imply that tanrine may facilitate the nuclear
translocation of transcription factor EB through ERK 1/2 acti-
vation, thereby expediting the autophagic process.®?

The central significance of glutathione (GSH) within the
crystalline lens is underscored by its pivotal role as an antioxi-
dant, protecting against the oxidation of lens proteins.*! Note-
worthy is the observed progressive reduction in GSH levels
within normal lenses as age advances, diminishing from
approximately 5 pmol per gram of lens to 3 pumol per gram of
lens.*? The lens epithelium and outer cortex are believed to
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play a crucial role in furnishing the predominant share of lens
GSH through de nove synthesis, facilitated by a continuous
influx of constituent amino acids from the aqueous humor.
GSH 1s a tripeptide composed of cysteine. glutamate. and gly-
cine.*® In addition, extraccllular GSH recycling from the
gamma-glutamyl cycle contributes to this GSH pool. How-
ever, under impaired de novo synthesis conditions, such as in
the aging human lens with reduced GSH levels. compensatory
mechanisms come inte play, indicating the lens’s capacity (o
uptake GSH from the adjacent ocular tissues>* A deficiency
in GSH elicits an AMPK (AMP-activated protein kinase)-
independent induction of autophagy in germ cells, functioning
as an adaptive stress response.®® The depletion of GSH ini-
tiates a cascade of events that may ultimately culminate in cel-
lular demise.® Taurine facilitates the uptake of GSH in lens
cpithelial cells.*”

Age-related nuclear cataract is associated with a decline in
GSH levels, specifically within the central region of the lens.™®
Taurine, a vital antioxidant in lens tissue, experiences a reduc-
tion in concentration as individuals age, notwithstanding its ini-
tial abundance in lenses during early life. The depletion of GSH
and the dictary supplementation of taurine ecmerge as potentially
significant factors in impeding the progressien of cataract for-
mation.” Epidemiological data indicate an association between
clevaled levels of taurine and a reduced incidence of specilic
types of cataracts.*® Mechanistically, taurine demonstratcs a
multifaceted impact on cellular processes, including the reduc-
tion of cellular senescence, protection against telomerase defi-
ciency, suppression of mitochondrial dysfunction, mitigation of
DNA damage, and atlenuating inflammation. Consequently,
taurine deficiency is posited as a potential contributor to the
aging process, as its reversal has been shown to extend the
health span of worms, rodents, and primates.*!

The detoxification of free radicals necessitates reduced GSIH,
a process contingent upon the availability ol nicotinamide ade-
nine dinucleotide phosphate (NADPH).** Substantially dimin-
ished nicotinamide adenine dinucleotide (NAD+) is concurrent
with aging. Augmenting NAID+ Ievels has been demonstrated
to enhance health and lifespan in various animal models. The
biosynthesis of NAD+ emerges as a prospective target for the
prevention and freatment of age-associated diseases.* NAD+ is
an indispensable cofactor in numerous cnzyme-catalyzed reac-
tions, encompassing alcohol, lactate, and amino acid metabo-
lism. In addition, NAD+ is pivotal as an electron transporter,
driving oxidative phosphorylation and facilitating ATP produc-
tion.* The traditional function of NAD+ involves serving as a
coenzyme that catalyzes cellular redox reactions, transitioning
into its reduced form, NADH. This pivotal role manifests in fun-
damental metabolic processes, including glycolysis, fatty acid
beta-oxidation, and the tricarboxylic acid cycle.* NAD kinase
facilitates the phosphorylation of NAD+ to generate NADPH,
cmploying adenosine triphosphate as the phosphoryl donor,*

There is a growing consensus that the levels of NAD+ expe-
ricnce a decline at the cellular, tissuc/organ, and organismal
levels throughout aging. This reduction in NADH levels influ-
ences the activities of enzymes that consume NAD+, contrib-
uting to a diverse array of age-associated pathophysiologies.*”

As the aging process ensues and concentrations of NAD+
decline, there is an increased activation of de nove synthesis.
NAD+ can be synthesized de nove through two primary path-
ways: the kynurenine pathway, starting from L-tryptophan, and
the Preiss—Handler pathway, which utilizes vitamin precursors,
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such as nicotinic acid.*® De novo NAD+ synthesis is correlated
with elevated levels of kynurenine.® Inhibition of kynurenine
pathway metabolism may jeopardize cell viability, NAD-
dependent SIRT| activity, and central nervous system function.®
NAD+ concentrations in rat-derived astrocyles can be regener-
ated through the utilization of nicotinic acid, nicotinamide, or qui-
nolinic acid after NAD+ depletion induced by hydrogen
peroxide.”!

The accumulation of kynurenine with age has been observed
in various organs and tissucs. Increased levels of kynurenine rel-
ative to tryptophan are correlated with frailty and heightened
age-related mortality. Moreover, the kynurenine pathway is
implicated in age-associated discascs, including inflammation,
neuredegencration, and immunosenescence.” The kynurenine
pathway is involved in acute and chronic skin damage induced
by ultraviolet radiation.™ Elevated levels of kynurenine and
neopterin have been associated with more advanced cataracts ™
Reduced levels of tryptophan and kynurenine have been identi-
fied in the plasma of individuals with Parkinson’s disease.®
The heightened levels of kynurenine noted during the aging pro-
cess may play a rele in the obscerved bone fragility among older
people.™?

Interferon-gamma (IFN-y) and UV (ultraviolet) radiation
stimulate the expression of indoleamine 2.3-dioxygenase
{IDO), an enzyme crucial in the catabolism of tryptophan, by
releasing various cytokines, including interleukin 1. IDO con-
verts tryptophan and other indole derivatives into kynurenine.”®
The Kynurenine-Tryptophan (Kyn/Trp) ratio serves as an index
for assessing the activity of IDO.?7 TDO-mediated catabolism of
tryptophan not only inhibits the immunorcgulatory kinascs,
mTOR, and PKC-@®, but also induces autophagy.™®

Dysregulated tryptophan catabolism and subscquent deple-
tion of NAD+ contribute to increased fatty acid oxidation by
[FN-y in coronary endothelial cells.* IDO contributes to cel-
Tular survival and prolifcration by augmenting free fatty acid
oxidation, supplying the necessary energy for these proc-
esses.®” Anoxia, followed by subsequent reoxygenation, indu-
ces the upregulation of 1DO. Consequently. increased 10D
activity culminates in tryptophan depletion and triggers the
activation of the GCN2 (general control nenderepressible 2)
kinase pathway.®' GCN2 functicns as a molecular sensor in T
cells. enabling them to detect and respond to the conditions
established by IDO.** Amino acids and insulin collaboratively
influence translation processes by activating mTOR, AMPK,
and GCN2 transduction pathways.*

Acylcarnitines are emerging as a pivotal group of biomole-
cules in metabolomics, given the distinctive acylcarnitine pro-
files observed in a growing spectrum of discascs and notritional
conditions.®* Long-chain acylcarnitines play dual roles, func-
tioning as transporters in oxidative catabolism and as modula-
tors of various physiological and pathophysiological processes.
Their involvement extends to crucial aspects such as cardiac
electrophysiology. insulin signaling, cellular stress responses,
and regulating inflammatory pathways.%*

The most significant metabolites are those from the carnitine
family involved in carnitine metabolism. Octanoylcarnitine,
butyrylcarnitine, propionylcarnitine, amino-n-butyric acid. and
isovalerylcarnitine are all upregulated in hard cataracts. indicat-
ing a different transportation situation of fatty acids into the
mitochondria for energy production. The lens of the eye is avas-
cular; energy requirements are primarily met through anaerobic
glycolysis.® Elevated levels of octanoyl-carnitine have been
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obscrved to be increased in patients’ plasma with pscudoexfoli-
ation syndrome.®” In patients with age-related macular degener-
ation, there is an observed enrichment in the metabolic pathway
associated with the oxidation of branched-chain fatty acids and
the synthesis of camitine.®® At the same time, carnitine has anti-
oxidant properties, and any disruption in its metabolism may
affect the lens’s ability to defend against oxidative damage.®
This may also play a role in the cataract process. The regulation
of ROS will become [ragile and sensitive duc to the anacrobic
environment. Such regulation is also easily destroyed in the
case of abnormal fatty acid oxidation.”

Conclusion

While investigations into intraocular fluid metabolomics
are still in their nascent stages, it is cvident that they hold the
promise of providing valuable insights into cataract progres-
sion. Our study provides evidence of specific metabolic dis-
tinctions in aqueous humor samples from soft and hard
cataracts. We identified the significant role of taurine and
hypotaurine metabolism, tryptophan metabolism, and mito-
chondrial beta-oxidation of short-chain saturated fatty acids in
the development of cataracts. Considering these findings, the
primary objective of intervention should center on tauring sup-
plementation, aiming to impede the advancement of the dis-
ease. Although a definitive method for reversing the effects of
cataracts remains elusive, arresting the disease’s progression
promiscs to cnable individuals o lead lives with their natural
lenses intact. Considering the progression of the discase, addi-
tional supplementation with NADH precursors should be con-
templated for patients aiming to arrest its advancement. This
could lower an increased tryptophan metabolism through the
kynurenine pathway. Furthermore, the activation of this path-
way iy prompted by interferon-gamma and UV radiation,
resulting in the induction of IDO. A reduced energy demand
would diminish the heightencd mitochondrial beta-oxidation,
which signifies a distinctive process in the translocation of
fatty acids into the mitochondria, ultimately contributing to
the augmentation of the energy production process. Such an
attenuation would halt the progression of this scquence of
events, ultimately preventing the culmination of mTOR inhi-
bition and the activation of the Sir2 pathway. Commercially
available and ready-to-use eye drops, formulated with taurine
and NAD+ precursors, provide a convenient option for indi-
viduals sceking to incorporate these beneticial compounds for
ocular health.

We clearly demonstrated that aqueous humor analysis is an
emerging method for unraveling the processes within the
cve's anterior chamber. This approach cxtends bevond cata-
racts, potentially enhancing our understanding of disease pro-
gression in conditions such as glaucoma, pseudoexfoliation,
cndothelial dystrophics, and numerous others. The findings of
this study lay the foundation for a more efficient pharmacolog-
ical target for preventing and treating cataracts. The potential
of metabolomics to leverage the accumulated knowledge of
biochemistry toward achicving personalized and preventive
healtheare is undeniably profound.
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Purpose: This study cvaluates the discrepancics between ACV measurcments obtained from the Heidelberg Anterion and Zeiss
IOLMaster 700 and investigates the significance of ACV and other ocular biometry parameters.

Patients and Methods: To investigate intraocular fluid circulation, a robust formula was developed for ACY measurement using the
Zeiss 10LMaster T00. A pilot study was conducted to validate this formula, which relied on WTW, CCT, and ACD. The formula used
was ACV = (RAC)"2 x (CCD) = 1.51. ACV measurements showed a median ol 155.38 (IQR = 131.15-180.06) {or the ITeidelberg
Anterion and 144,11 mm? (IQR = 125,62-159.81) for the Zeiss T0LMaster 700, The intraclass correlation cocfficient (ICC) for ACYV
was 0.908, indicating excellent agreement between devices.

Results: Intraocular fluid volume was significantly lower in eyes with PEXS compared to those without. Fyes with PEX had an ACY
of 133 &+ 28.3 mm® versus 142 = 30.7 mm® in non-PEX eves, a statistically signiticant difference (t (196) — -2.09, p — 0.038, d —
—0.301). Significant differences were alse observed in ACD and Al between PEX and non-PEX cyes, with PEX eyes showing reduced
measurements.

Conclusion: Our (indings reveal that age-related changes in ACD and ACV are signilicant, with the redelined formula showing
excellent agreement with AS-OCT methods. Eves with PEX exhibit reduced ACD, ACV, and AL measurements. Additionally. an
accessible method for ACV measurement. not relying on Pentacam or AS-OCT, would be valuable. particularly in developing
countrics, to facilitate broader clinical rescarch.

Plain Language Summary: Our study examines the differences in measuring aqueous humor volume in the eve using two devices,
the Heidelberg Anterion and the Yeiss I10LMaster 700, Aqueous humor is the elear fluid in the front part of the cye, which circulates at
a rate of 1.0% to 1.5% per minute. We refined a formula to calculate the volume of this fluid using the Zeiss I0OLMaster 700, based on
specific eye measuremenis. We [lound that the volume measurements from both devices were very similar, showing a sirong
agreement. The study also discovered that eves with pseudoexfoliation syndrome (PEXS), a condition affecting the eve, had
significantly lower Juid volume compared o eyes without the condition. This was also true [or other eye measurements like anterior
chamber depth (ACD) and axial length (AL). These findings are important because they show that simpler and more accessible
methods [or measuring lluid volume in the eve can be used ellectively, especially in developing countries where advanced equipment
may not be available. ‘The study highlights the changes in cye measurements with age and how the new formula aligns well with
existing methods. Overall, eyes with PEX show reduced measurements in various eye parameters.

Keywords: anterior chamber volume, pseudoexfoliation, IOL power calculation, Heidelberg Anterion, performance measures

Introduction
Aqueous humor is a transparent, watery fluid that occupies the anterior and posterior chambers of the eye.‘ It serves to

nourish the avascular structures, such as the lens and cornea, and is critical in maintaining intraocular pressure.” This
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fluid is produced by the ciliary body’s pigmented and non-pigmented epithelium, circulates through the pupil into the
anterior chamber, and is predominantly drained via the trabecular meshwork and Schlemm’s canal, with a smaller
fraction exiting through the uveoscleral outflow pathway.” Aqueous humer formation involves three primary mechan-
isms: diffusion, ultrafiltration, and active secretion.’

Several pathologies relate to aqueous humor dynamics, including glaucoma,” ocular hypertension,® hypotony,”
uveitis,® angle-closure glaucoma,” pscudoexfoliation syndrome.'® and ncovascular glaucoma.’’ Aquecus humer
dynamics are measured through techniques such as tonometry, gonioscopy, pachymetry, aqueous humor outflow facility

measurement, aqueous humor production rate estimation, and imaging modalities like optical coherence tomography
2

(OCT) and ultrasound biomicroscopy.'
The turnover rate of aqueous humor within the anterior chamber is estimated to range from 1.0% to 1.5% per minute,
corresponding to a measured flow rate of 2.4 + 0.6 mm?min, thereby inferring an anterior chamber volume (ACV) of
approximately 160 to 240 mm?.'* The production and drainage rates of aqueous humor are not routinely measured in
clinical practice due to their limited diagnostic |.1rility.I4 Significant nocturnal changes in aqueous humor dynamics in
healthy mature humans include reductions in aqueous flow, outflow facility, and possibly uveoscleral outflow.'”

Numerous methodologies have been proposed for calculating the ACV based on the dimensions obtained from
photographically recorded optical sections of the eye.’®' Although most of these methods were developed approxi-
mately 50 years ago, the advent of modern ophthalmological equipment necessitates a more straightforward appreach to
calculating the ACV.

Aqueous humor circulates from the posterior to the anterior segment of the eye, with its production and drainage
extensively studied, though its volume has not been as thoroughly examined. While the ACV has not been directly linked
to other ocular pathologies, the study of its metabolomics and composition can provide valuable insights into the various
mechanisms operating within the eye.”

In our study, we cvaluated the discrepancies between measurements obtained from the Heidelberg Anterion
(Heidelberg Engineering, Germany) and the Zeiss TOL.Master 700 (Carl Zeiss AG, Germany). We also refined
a formula for calculating intraocular fluid volume and conducted a pilot study to validate this formula. Additionally,
we compared measurement differences between a control group and a cataract group. Subsequently, we investigated the
significance of ACV and various ocular biometry parameters in relation to a spectrum of ocular comorbidities.

Materials and Methods

To thoroughly investigate intraocular fluid circulation in the eye, it was essential to develop a robust formula to aid our
research. Although our hospital is equipped with a Heidelberg Anterion™ anterior segment OCT imaging device,
utilizing this machine for ACV calculations would be time-consuming and ultimately impractical. Therefore, we opted
to use the Zeiss IOLMaster 700°* for this analysis.

All data for our study were collected using the Zeiss IOLMaster 700, as it was already integrated into the routine
cxamination process for patients undergoing cataract surgery who consented to participate in the study. Consequently, we
first needed to establish a reliable method for obtaining ACV measurements using this machine, ensuring accurate and
efficient data collection for our research.

During our endeavors, we conducted a pilot study to assess the sufficiency of our formula for analyzing ACV in the
eye. This preliminary study included 30 participants, comprising both cataract patients and a younger contrel group. The
study comprised 18 patients in the cataract group and 12 in the control group. The mean age of the cataract group was
73.3 years (+ 8.22), ranging from 57 to 88 vears. In contrast, the control group had a mean age of 32.2 years (+ 7.73),
with ages ranging from 26 to 48 vears. The objective was to determine it we could develop a reliable formula for ACV
measurement using only white-to-white corneal diameter (WTW), central corneal thickness (CCT), and anterior chamber
depth (ACD). The ACD, measured using the Heidelberg Anterion AS-OCT device, was defined as the distance from the
central anterior corneal epithelium to the anterior surface of the crvstalline lens capsule.”™

To estimate the ACV using Zeiss [OLMaster 700 ocular biometry parameters, we conducted an extensive literature
review to identify an appropriate formula. Our investigation included articles from the 1970s and 1980s that described

3990 o Clinical Ophthalmology 2024:18
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various optical methods for measuring ACV. We employed the empirical formula initially developed by Max Heim in
19412° and later utilized by Tomlinson et al in 1974%7
Central to our study, the ACV was computed using the following parameters:

G
and Johnson et al”® o address our research needs.

& The radius of the anierior chamber (RAC) was established based on the WTW distance.
¢ The central chamber depth (CCD) was derived from the disparity between the ACD and the CCT.

The WTW distance represents the horizontal measurement across the cornea from one limbus to the other, effectively
measuring the diameter of the anterior chamber. This measurement is typically acquired using devices such as the Zeiss
10LMaster 700. Given that the WTW distance corresponds to the diameter, dividing it by two yields the RAC. The
radius, being half of the diameter, is crucial for subsequent calculations involving volume. The CCD is determined by
subtracting the CCT from the ACD.

This relationship was formalized in the formula:

ACV = (RAC)? x {(CCD) x 1.51
or
ACV = ({(WTW/2)?) x (ACD — CCT) x 1.51

This formula is derived from the correlation between ACV and ACD. which has been demonstrated to explain
approximately 85% of the variation in ACV across multiple studies employing OCT for volume estimatior.””* ACV can
be effectively quantified using both Pentacam (Oculus Optikgerite GmbH, Germany) and anterior segment optical
coherence tomography (AS-OCT), as demonstrated by their reliability. Nonetheless, the lack of substantial agreement
between these measurements precludes their interchangeability.®'

The intraclass correlation coefficient (1CC) was calculated using a two-way mixed effects model to cvaluate the
consistency and reliability of the measurements obtained from the two devices. This approach is widely recognized for
assessing agreement between different raters or instruments**~* The specific model employed for the ICC calculation
was “inter-rater reliability, two-way mixed effects, single rater, absolute agreement.” This methodologically aligns with
the guidelines provided by Koo and Li* which recommend appropriate methods for ICC caleulation in inter-rater
reliability studies.

We conducted a comparative analysis of the measurements obtained using the Heidelberg Anterion device against the
volumes calculated from the Zeiss [OLMaster 700 data, employing the specified formula as outlined earlier. Descriptive
statistics, including the median and interquartile range (IQR), were computed for each parameter as assessed by both
raters. These statistics provide a detailed summary of the central tendency and dispersion, ensuring a comprehensive
depiction of the measurement data.**

To compare the distributions of the measurements tfrom the Heidelberg Anterion and the Zeiss [OLMaster 700, we
employed the Mann—Whitney U-test. This non-parameiric test is appropriate for comparing two independent groups,
especially when the data do not follow a normal distribution.?® The threshold for statistical significance was set at
a p-value of < 0.05. This threshold was uscd to determine whether the results were statistically significant in our
analysis.*® Additionally, Levene’s test was performed to assess the homogeneity of variances between the measurements
from both devices, ensuring the assumption of equal variances was met. Evaluating the homogeneity of variances is
critical for validating many statistical analyses, as it enhances the reliability of subsequent comparative analyses.”” This
assessment was crucial in validating our methodology and ensuring the accuracy and reliability of ACV measurements in
our research. The measurements are shown in Table 1.

For the W1'W measurements, the Heidelberg Anterion device reported a median of 11.60 mm (IQR = 11.33-11.88),
whereas the Zeiss IOL Master reported a median of 11.80 mm (IQR = 11.53-12.08). The ICC for WTW was 0.808, with
a 95% conlidence nterval ranging from 0.63 (o 0.90, indicating moderate agreement belween the (wo devices. The
Mann—Whitney U-test indicated a significant difference between the devices (p = 0.0056), while Levene’s test confirmed
the homogeneity of variances (p = 0.103).

Clinical Ophthalmology 2024:18 Hiccpa; 3991
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Table | Comparison of Ocular Biometry Parameters Between Heidelberg Anterion and Zeiss [OLMaster 700

Parameter Median (IQR) — Median (IQR) — Zeiss 1cc 95% CI p-value Rater reliability
Heidelberg Anterion IOLMaster 700

WTW 11.60 {11.33-11.88) 11.80 (11.53—12.08) 0.700 [0.17, 0.92] 0.008 Moderate Agreement

CCT 0.53 (0.52-0.55) 0.54 (0.52-0.55) 0.951 [0.82, 0.99] <0.001 Excellent Agreement

ACD 3.25 (2.97-3.43) 321 (2.97-3.43) 0.988 [0.95, 1.0] <0.001 Excellent Agreement

ACY 155.38 (131.15-180.06) 144.11 (125.62-159.81) 0.902 [0.66, 0.97] <0.001 Excellent Agreement

Note: The table presents the results of various statistical tests and descriptive analyses for four parameters: WTW, CCT, ACD, and ACY. The key metrics include the
median and interquartile range {IQR) of measurements by both devices {Heidelberg Anterion and Zeiss 1OL Master), the ICC with 95% confidence intervals, the p-values
indicating the significance of the ICC, and the rater reliability assessment. The table illustrates the consistency and agreement between the two devices, highlighting
maoderate to excellent agreement across the parameters.

For CCT measurcments, the Heidelberg Anterion device reported a median of 0.53 mm (IQR = 0.52-0.55) and the
Zeiss TOLMaster 700 reported a median of (.54 mm (IQR = 0.52-0.55). The ICC for CCT was notably high at 0.961,
with a 5% confidence interval from 0.92 to 0.98, indicating excellent agreement. Neither the Mann Whitney U-test (p =
0.267) nor Levene’s test (p = 0.588) revealed significant ditferences between the measurements.

For ACD measurements, the Heidelberg Anterion device reported a median of 3.25 mm (IQR = 3.00-3.50), while the
Zeiss 10LMaster 700 reported a median of 3.21 mm (IQR = 2.97-3.43). The ICC for ACD was 0.991, with a 95%
confidence interval from 0.98 to 1.00, indicating excellent agreement between the devices, Neither the Mann Whitney
U-test (p = 0.355) nor Levene’s test (p = 0.939) indicated significant differences between the measurements.

ACV measurements showed a median of 155.38 mm? (IQR = 131.15-180.06) for the Heidelberg Anterion and
144.11 mm? {(IQR = 125.62-159.81) for the Zeiss [OL.Master 700, with the latter calculated vsing the formula. The ICC
for ACV was 0.908, with a 95% confidence interval from 0.82 to (.96, suggesting excellent agreement between the
devices. The Mann—Whitney U-lest revealed a statistically significant difference between the measurements (p — 0.0519),
indicating divergent assessments between the two devices. However, Levene’s test did not detect significant variance (p =
0.216), indicating consistency in the spread of measurements across the two groups.

In our analysis, we examined the cohorts and identified distinctions between the younger cohort and the cataract
cohort, Statistically significant differences in measurements between groups were found for the ACV Formula, WTW
Anterion, ACD Anterion, and ACD 10LMaster. These results indicate a clear trend of decreasing ACD with advancing
age, corroborating findings reported in existing literature.*®

I'he differences in ACV should also be observed in the ACV Anterion and ACV Formula groups. These differences
can be attributed to the WTW measurement’s ability to differentiate between various diagnostic machines.® The
observed variations are shown in Table 2.

The main investigation involved examining ACY, WTW, ACD, and AL in patients undergoing cataract surgery at
Pauls Stradins Clinical University Ilospital. Among the chosen participants, 72 were men, while 126 were women.

Table 2 The Measurements Were Compared Between the Heidelberg Anterion and the Zeiss
IOLMaster 700, as VWell as Between the Cataract and Control Groups

Cataract (n = 18) | Control {(n = 12) | p-value | Effect Size
ACV Anterion, median (3D} 150 + 35.2 185 + 285 0.095 0.370
ACV Formula, median (SD) 133 + 26,5 157 + 224 0.015 0.528
WTW Anterion, median (SD) 1.5 +0.353 1.8 £0317 0.019 0.509
WTW IOL master, median (5D) 11.9 £ 0.268 11.9 £ 0.357 0.492 0.153
ACD Anterion, median (5D} 3.09 £ 0.459 3.63 £0.273 0.010 0.569
ACD IOL master, median (5D) 3.01 £ 0.455 3.56 £+ 0.276 0.010 0.565
CCT Anterion, median (SD) 536 £ 16.6 531 £ 324 0340 0.213
CCT IOL master, median (SD) 543 + 19.0 536 + 3838 0421 0.181

Note: The Mann-Whitney Uf-test was employad to assess differences between the groups. Bold font indicates p-values less
than 0.05, representing statistically significant results,
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Furthermore, the SPONCS* system was utilized to classily the hardness of cataracts. Demographics and ocular
pathologies are shown in Table 3.

Results
A comprehensive analysis displaying patient concurrent pathologies and their statistical relevance to ACV, WTW, ACD,
and AL is shown in Table 4.

The volume of intraocular fluid differed significantly between groups with and without pseudoexfoliation (PEX).
Lyes with PEX had a significantly lower ACV (133 = 28.3 mm®*) compared to eyes without PCX (142 + 30.7 mm?), with

Table 3 Summary of Demographics and Ophthalmic Co-Morbidities Among
Patients Included in the Study

Male (n = 72) | Female {n = 126) | p-value
Age, mean {SD) 72.0+9.49 74.3:9.44 0.092
ACV, mean (SD) 140 £ 323 138 + 28.6 0.587
WTW, median (5D} 12.0 £ 0.387 11.8 £ 0.399 <0.001
ACD, median {8D) 3.15 £ 0518 3.14 £ 0.466 0.457
AL, median (SD) 239139 233+ 1.34 0.027
Cataract hardness (SPONCS) 0.527
| (Subcapsular with clear nucleus) 2 (1.0%) 1 (0.5%)
2 (Mild hardness) 21 (10.6%) 45 (22.7%)
3 (Moderate hardness) 24 (12.1%) 44 (22.2)
4 (Advanced hardness) 7 (3.5%) 14 (7.1%)
5 (Hypermature/Morganian) 18 (9.1%) 22 (11.1%)
Glaucoma 0.822
Present 17 (8.6%) 28 (14.1%)
Absent 55 (27.8%) 98 (49.5%)
Pseudoexfoliation syndrome 0.183
Present 35 (17.7%) 49 (24.7%)
Absent 37 (18.7%) 77 (38.9%)
Diabetes 0.098
Present 12 (6.1%) 34 (17.2%)
Absent 60 (30.3%) 92 (46.5%)

Note: The t-test and Mann—Whitney U-test was used to compare distributions of age, volume, WTW,
ACD, and AL, while the chi-squared test was employed to analyze associations among categorical
variables.

Table 4 The ACY, WTW, ACD, and AL, Along with Their
Statistical Significance in Relation to OCcular Comorbidities

p-value

ACY | WTW | ACD AL

Cataract hardness (SPONCS) | 0.720 | 0929 | 0.631 | 0910

Glaucoma 0.461 0.267 0.393 | 0801
Pseudoexfoliation syndrome 0.038 | 0711 0.016 | 0.046
Diabetes 0712 0.841 0.502 | 0.166

Note: The t-test and one-way ANOVA were used to campare parametric ACY
data, while the Mann-Whitney test and Kruskal-Wallis test were employed to
analyze non-parametric WTW, ACD, and AL data. Bold font indicates p-values less
than 0.05, representing statistically significant results.
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a statistically significant difference of —8.94 muin?®, 95% CI |-17.4, —0.518], 1 (196) = —2.09, p = 0.038, d = —0.301. There
was also a significant difference in ACD between eyes with PEX (median = 3.00 mm, IQR = 2.71-3.32 mm) and without
PEX {median = 3.17 mm, IQR = 2.90-3.45 mm), U = 3824, p = 0.016, r = 0.201. There was also a significant differcnce
in AL between eyes with PEX (median = 23.4 mm, IQR = 22.8-24.0 mm) and without PEX (median = 23.6 mm, [QR =
22.9-24.6 mm), U = 3784, p — 0.046, r — 0.169.

Discussion

Although the measurement of ACV has not vet become standard clinical practice, it holds significant potential for addressing
various ocular issues. It can aid in glaucoma diagnosis and management, cataract surgery planning, refractive surgery, assessment
of ocular health, and research and development.

A considerable body of research has explored the ACV across various ocular pathologies. Eyes with an ACV of 100 mm?® or
less may be classified as having a high risk for the development of acute angle-closure glancoma.* The ACV increased
significantly at 1 day, | week, and | month fellowing cataract surgery.”> While there was no observed change in ACV, a notable
reduction in ACD was found following myopic LASIK in young patients.** Corneas with increased thickness might correlate with
reduced aqueous production and diminished uveoscleral outflow.™ Biometric differences between Cancasian and Chinese adults
include larger ACVs.™ Reduced anterior chamber area and AC'V were found to be independently associated with narrow angles,
even following adjustment for established ocular biometric parameters such as ACD and AL.** Greater ACV was found to be
associated with decreased deformation altitude values and increasing age while exhibiting higher stiffness parameters and
intraocular pressure values.>

In our study, the most pronounced ditferences were observed within the groups affected by PEX. The literature
reveals a lack of consensus concerning the biometric characteristics of the anterior segment in eyes affected by PEXS.
A population-based cross-sectional cohort study has shown that PEXS is correlated with advanced age, reduced Al., and
a diminished ACD."® A study demonstrated that the anterior chamber of the eye is significantly shallower in patients with
PEX syndrome compared to the control group.*” Research has indicated that eyes with PEX syndrome and cataracts
exhibit significantly reduced ACI) and increased lens thickness compared to eyes with cataracts alone.’” The reduced
ACD observed in patients with PEX syndrome is believed to result from the forward displacement ot the lens, which is
attributed to lens thickening and the weakening of the lens zonules.*® The fragility of the zonular apparatus significantly
contributes to the elevated incidence of phacodonesis, lens dislocation, and vitreous complications encountered during
extracapsular cataract surgery in eyes with PEXS,*”

However, according to the findings from the Revkjavik Eve Study, PEX did not exhibit a correlation with CCT, ACD,
lens thickness, nuclear lens opacifications, or optic dise motphology when analyzed within a multivariate model.*® Duran
et al observed no significant differences in ACD when comparing eyes with PEX to their fellow eyes or to control e}'e:s.iI

There are only a few studies that have investigated the association between PEX and the axial length of the eye. Topouzis et al
found that individuals with incident PEX had a statistically significantly shorter axial length compared to those who had not
developed PEX.*? Topouzis's findings propose that shorter axial length might contribute to the onset of PEX, which may explain
the association observed with a shallow anterior chamber in the Beijing Eye Study 2011 by You Q. et al o

The evidence concerning differences in ACV between eves with PEX and those without is inconclusive. Mohamed-
Noriega et al reported that the ACV, measured using the Pentacam, exhibited negligible differences between the control
group (mean + SD: 109.6 + 25,6 mm?) and the group affected by PEXS (mean + SD: 113,363 + 24,79 mm?®).™ Doganay
et al employed the Penlacam-Scheimpflug imaging system lo assess anlerior segment parameters in patients with PEXS,
pseudoexfoliative glaucoma (PEXG), and a control group. Their findings revealed no significant differences in mean
values of ACV, anterior chamber angle width, CC'T, pupil diameter, or corneal volume at 3.0 mm, 5.0 mm, and 7.0 mm
among the three groups.®* According o Gharagozloo et al, ACV was markedly decreased in both alTected and unaffected
eves of individuals with unilateral PEXS compared to contrel eyes.”® The Duran et al study revealed no significant
differences in ACD, ACYV, iridocorncal angle, or keratometry values when comparing cyes with PEX to ecither fellow
eyes or control eyves.”’ Omura et al observed that eyes positive for PEXS exhibited a diminished ACV in comparison to
3% Siudies have demonstrated that patients with PEXG experience a more pronounced reduction in
intraocular pressurc following cataract surecry compared to contrel groups.™

PEX-negative eyes.
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During this study, we hypothesized that glaucoma would be the ocular comorbidity most strongly associated with
ACV. However, this hypothesis was not supported by our findings. Lens thickness is an important parameter that can
influence ACV and may have implications for conditions such as glaucoma. Increased lens thickness was significantly
associated with advancing age, male sex, greater body height, elevated body mass index, hyperopic refractive error,
thicker central corneal measurements, reduced anterior chamber depth, and the presence of nuclear cataracts.*® However,
in our study, lens thickness was not measured due to the exclusion of patients with severe lens opacities, which cannot be
accurately assessed using optical interferometry. While this limitation restricts our ability to explore the relationship
between lens thickness and ACV, future studies that include lens thickness measurements would provide valuable
insights into how lens thickness may correlate with ACV and its role in ocular health. However, in both POAG paticnts
and individuals without the condition, no meaningful relationship was observed between IOP and ACD, nor between [OP
and lens thickness.”™ Eyes with angle-closure glaucoma or eccludable angles exhibit noticeably shorter AL, shallower

ACD, and thicker lenses when compared to those in the normal group.®”

Glaucoma is defined as a group of disorders
characterized by the degeneration of ganglion cells resulting from axonal damage at the lamina cribrosa of the optic
nerve. In essence, glaucoma is a diagnosis of exclusion when the etiology of the optic nerve damage remains
unidentified *! Lowering 10P does not fully address the underlying mechanisms of neurodegeneration. Therefore,
there is a significant need for pharmacologic approaches that can protect against glaucomatous neurodegeneration
independently of 10p*?

There have been studies linking glaucoma to ACV. The IOP/ACV ratio may serve as a novel diagnostic parameter for
predicting the likelihood of success in prostaglandin analogue freatment.”®> ACV is a robust and precise predictor of the
outcomes of primary angle closure disease.**

Emerging research on the intraocular fluid metabolome shows promise in elucidating integrated biological mechan-
isms within the anterior segment of the eye and advancing treatment strategies for ocular diseases. Variations in
intraocular Muid composition among cataract patients®™® and individuals with PEX®” have been documented in existing
literature. Future investigations could harness data from liquid chromatography-mass spectrometry machines and
consider ACV as a potential alternative for concentration calculations in these studies. The product of a substance’s
concentration within a fluid and the volume of that fluid determines the total mass or amount ot the substance, a critical
factor in assessing its overall presence within the fluid.

An accessible and cost-elfective method for measuring ACV that does not rely on advanced equipment such as the
Pentacam or AS-OCT would be highly beneficial, particularly in developing countries where access to such technology
may be limited. With the availability of ocular biometry, it could significantly enhance clinical research on ACV by

enabling broader and more comprehensive studies.

Conclusion

Our study evaluated the discrepancies between ACV measurements obtained from the Heidelberg Anterion and Zeiss
[OLMaster 700. ACV measurements showed a median of 15538 mm® (IQR = 131.15-180.06) for the Heidelberg
Anterion and 144.11 mm® (IQR = 125.62-159.81) for the Zciss [OLMaster 700, with the latter calculated using the
formula. The ICC for ACV was 0.908 (93% CI: 0.82-0.96), indicating excellent agreement between the devices. While
the Mann—Whitney U-test revealed a statistically significant difference {p = 0.0519), Levene’s test showed no significant
variance (p = 0.216), suggesting consistency in the spread of measurements across both devices. We also refined
a formula for calculating intraocular fluid volume, which demonstrated excellent agreement with AS-OCT methods.
Additionally, our investigation highlighted the significance of ACV and other ocular biometry parameters in relation to
ocular comorbidities, revealing that both ACD and ACYV exhibit age-related changes. Notably, eves affected by PEXS
showed reduced ACID, ACV, and Al. measurements. This is the first study to validate our redefined formula, which could
enable broader clinical research, particularly in settings with limited access to advanced imaging technologies. While
ACYV remains underexplored, its polential applications in ophthalmology merit further investigation.
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Abbreviations

OCT, optical coherence tomography: ACV, anterior chamber volume; WTW, white-to-white corneal diameter; CCT,
central corneal thickness; ACD, anterior chamber depth; RAC, radius of the anterior chamber; CCD, central chamber
depth; AS-OC, anterior segment optical coherence tomography; 1CC, intraclass correlation coefficient; IQR, interquar-
tile range; PEX, pseudoexfoliation; PEXS, pseudoexfoliation syndrome; PEXG, pseudoexfoliative glaucoma; 10P,
intraocular pressure.
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ABSTRACT

Purpose: Cataract is a prevalent, progressive lens disorder characterized by gradual opacity, often
related to aging. Oxidative stress, ultraviolet radiation, and inflammation contribute to lens damage
and protein modifications. Indoleamine 2,3-dioxygenase plays a critical role in tryptophan
metabolism, with kynurenines implicated in various diseases. This study aimed to assess IDO activity
in cataract patients by analyzing IDO activity in aqueous humor,

Methods: The study included 170 cataract surgery patients (60 males, 110 females; mean age
73.9+ 943 years). Cataract severity was categorized using the SPONCS system: SPONCS 1 (1.8%),
SPONCS 2 (30.6%), SPONCS 3 (35.3%), SPONCS 4 (11,8%), and SPONCS 5 (20.6%). Aqueous humor
samples (50-120pL) were collected via paracentesis and analyzed using HILIC liquid chromatography
with mass spectrometry. Target metabolite quantification was performed using internal standards
and calibration curves.

Results: Significant differences in IDO activity were observed across SPONCS groups (X3(4) = 12.0,
p=.018, £2= 0.0707), particularly between SPONCS 2 and SPONCS 5 (p=.013). Age differences across
SPONCS groups were alse significant (p<.001). Males had lower tryptophan levels than females
(p=.027). Correlations were found between SPONCS and IDO activity (r, = —0.255, p<.001), SPONCS
and kynurenine {r, = 0,196, p=.011}, and kynurenic acid with kynurenine (r, = 0.355, p<.001).
Conclusion: Patients with SPONCS 2 cataract exhibit increased susceptibility to elevated IDO activity
and heightened kynurenine production. IDO serves as a more reliable prognostic marker for cataract
progression than chronological age. Furthermore, IDO activity may be associated with reduced
glutathione levels in human lens epithelial cells, suggesting a potential link between the enzyme
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and oxidative stress within the lens.

Introduction

Cataract is an extremely common and chronic, progressive
disorder of the lens characterized by gradual opacification
and yellowing over time, commonly associated with aging.
The natural aging process and oxidative stress are frequently
associated with iL.! Epidemiological data indicale that indi-
viduals with early-onset cataracts or those undergoing cata-
ract surgery at a younger age may experience reduced life
expectancy.® This raises critical questions regarding whether
cataracts are primarily a consequence of aging or if they arc
more closely related to oxidative stress or inflammatory pro-
cesses. A significant portion of the calaraclogenous alter-
ations are either induced or exacerbated by oxidative stress,
ultraviolet radiation, osmotic imbalances, and other forms of
cellular damage.* Epidemiological studies have independently
linked these environmental factors to an increased risk of
cataract formation.* For lens crystallins, these biochemical
modifications involve processes such as proteolysis, enhanced
formation of disulfide bridges, racemization of aspartic acid

residues, deamidation of asparagine and glutamine residues,
as well as phosphorylation, carbamylation, and nonenzy-
matic glycosylation.” These modifications result in increased
protein insolubility, contributing to lens opacification.
Indoleamine 2,3-dioxygenase (IDO) is an enzyme responsible
for extrahepatic tryptophan (Trp) conversion to kynurenine
(Kyn). It is expressed in various organs, while tryptophan-
2,3-dioxygenase (TDO) is mainly expressed in the liver and
accounts for 95% of Trp catabolism. IDO is a heme-containing
dioxygenase IDO activation is predominantly driven by
interferon-y ([FN-y) and select cytokines, whereas its function
is inhibited by nitric oxide.” IDO serves as both a predictive
biomarker and a therapeutic target for immune-mediated dis-
eases, [DO appears (o play critical roles in processes such as
infection, inflammation, and T-cell-mediated immune responses.
The Kynurenine-lo-Tryplophan ratio (Kyn/Trp ratio) ralio
serves as an index for assessing the activity of IDO.S The use
of this ratio is valid in in vifro studies, including those involv-
ing cell cultures or isolated organs. However, it is important to
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note that in vive plasma IDO activity may be more closely
agsociated with TDO activity?

IDO is believed Lo be the primary enzyme, and possibly
the rate-limiting step, in the biosynthetic pathway of UV fil-
ters.”” The activation of IDO leads to an increased produc-
tion of kynurenines. These Kyn metabolites are further
metabolized into various compounds, including picolinic
acid, quinolinic acid, xanthurenic acid, and kynurenic acid.
These metabolites play significant roles in neuroinilamma-
tory diseases.!! Kynurenines are associated with various
diseases, including coronary heart disease, chronic renal fail-
ure, and neurodegenerative disorders like Alzheimer’,'”
Parkinsons,’ and Huntington’s'* diseases. They are also
linked to rheumatoid arthritis and collagen-induced arthritis
in experimental models.'* Elevated Kyn levels, due to IDO
activation, contribute te inflammation, immune dysregula-
tion, and protein modifications, which may exacerbate these
conditions. In the human lens, IDO activity is predomi-
nantly localized in the lens epithelium.® Several kynurenines
are also present within the lens, functioning as UV filters
and believed to protect the retina from UV-induced damage.
However, these compounds are susceptible to oxidation and
deamination, processes that can result in modifications to
lens proteins.’” Kynurenines can also harm lens proteins if
glutathione (GSH) levels are insufficient to prevent their
interaction with those proteins.”® IDO aclivity has been
observed in lenses from individuals aged 26-80vyears. It has
been proposed that the yellowing of the lens during catarac-
togenesis is associated with IDO activity and that inhibition
of IDO might serve as a preventive mcasure against this
process.!?

In this study, we examined the aqueous humor of cataract
patients to assess IDO activity, employing the Kyn/Trp ratio
as a biomarker for IDO activity. We correlated IDO activity,
Trp, Kyn, and kynurenic acid to patients age, gender, and
cataract severity. Our aim is to enhance the understanding
of the Dbiochemical processes underlying  cataract
progression,

Materials and methods

Study group

The study involved analyzing aqueous humor samples from
170 patients who underwent cataract surgery at Pauls
Stradins Clinical University Hospital. Of these, 60 were male
and 110 were female. The mean age of the cohort was
73.9vears, with a standard deviation of +9.43vears, ranging
from 50 to 94vyears. The severity of cataracts was classified
using the SPONCS dlassification system,”® which stratifies
cataracts into progressively increasing levels of severity based
on nuclear opalescence and coloration. The SPONCS scale
includes SPONCS 1, SPONCS 2, SPONCS 2+, SPONCS 3,
SPONCS 3+, SPONCS 4, SPONCS 4+, and SPONCS 5. For
the purposes of this study, patients were grouped into five
distinct categories: SPONCS 1 was classified as Group 1,
SPONCS 2 (including SPONCS 2 and SPONCS 2+) as
Group 2, SPONCS 3 (including SPONCS 3 and SPONCS
34) as Group 3, SPONCS 4 (including SPONCS 4 and
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SPONCS 4+) as Group 4, and SPONCS 5 as Group 5. Based
on this classification, the patient distribution was as follows:
Group 1 (SPONCS 1, 1.8%), Group 2 (SPONCS 2, 30.6%),
Group 3 (SPONCS 3, 35.3%), Group 4 (SPONCS 4, 11.8%),
and Group 5 (SPONCS 5, 20.6%). A limitation of the study
is that the presence and severity of age-related macular
degeneration were not systematically documented prior to
the procedure, preventing analysis of their potential impact
on IDO aclivity. Additionally, while comorbid conditions
such as diabetes, glaucoma, and pseudoexfoliation were
included in the cohort, our analysis did not identify any sta-
tistically significant association between these conditions and
IDO activity, However, due to the sample size and potential
for residual confounding, these findings should be inter-
preted with caution.

Prior to the commencement of the surgical procedure,
paracentesis was performed, during which a 27G needle was
cmployed to obtain a biopsy of the aqueous humor. Volumes
of aqueous humor ranging from 50 to 120 pL. were aspirated,
depending on the availability of fluid, and subsequently
transferred into Eppendorf tubes. The collected samples were
immediately frozen and transported to the Faculty of
Materials Science and Applied Chemistry at Riga Technical
University for further analytical processing and  archival
storage,

The ethical approval for this study was obtained from the
Medical Ethics Committee of Riga Stradins University, as
documented in decision number 2-PEK-4/307/2023. Approval
and support were also provided by the Pauls Stradins Clinical
University Hospital.  All  participants  provided  written
informed consent prior to their involvement in the study,
The research was conducted in strict adherence to the prin-
ciples outlined in the Declaration of Helsinki.

LC-MS based metabolite analysis

Metabolites were extracted using a methanol-based extraction
protocol. 10ul of the agqueous humor sample were trans-
ferred to an empty Eppendorf tube and mixed with 80pL
methanol and 10pL isotopically labeled internal standards.
Each sample was vortexed for 15s and then centrifuged for
10min at 10,000 RPM. The supernatant was transferred into
an HPLC glass vial,

Targeted quantitative metabolite analysis was conducted
using HILIC-based liquid chromatography combined with
mass spectrometric detection employing a Thermo Orbitrap
Exploris 120 mass spectrometer. An ACQUITY UPLC BEH
Amide 1.7pm 2.1x100mm analytical column (Waters) was
employed for chromatographic separation. The gradient elu-
tion was carried out using 0.15% formic acid and 10mM
ammonium formate in water as mobile phase A and a solu-
tion of 0.15% formic acid and 10mM ammonium formate in
85% acetonitrile as mobile phase B. The initial conditions
were set to 100% in mobile phase B. After 6min, a 0.1min
gradient (6.0-6.1min) was started, and the mobile phase B
level was reduced to 94.1%. I'rom 6.1 to 10min, mobile phase
B was set to 82.4%, and from 10 to 12min, mobile phase B
was set to 70.6%. The column was then equilibrated for 6 min
at the initial conditions. The total analysis time was 18min.
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The mobile phase flow rate was 0.4mL/min, the injection vol-
ume was 2puL, and the column temperature was 40°C. For
MS detection, an Orbitrap Exploris 120 (Thermos Fisher
Scientific) mass spectrometer was used. The MS analysis was
performed in ESI positive and ESI negative modes using full
scan detection; the scan range was set from 50 to 600m/z,
and the mass resolution was set to 60,000. The ESI spray volt-
age was set to 3.5kV in positive mode and 2.5kV in negative
mode; the gas healer temperature was set o 400°C; the cap-
illary temperature was set to 350°C; the auxiliary gas flow
rate was set to 12 arbitrary units; and the nebulizing gas flow
rate was set to 50 arbitrary units. For quantitative analysis,
seven-point calibration curves with internal standardization
were wsed. Tracefinder 51.1 General Quan (Thermo Tisher
Scientific} software was used for LC-MS data processing and
quantification. Every reported metabolite was identified at
level A" by using an authentic standard compound previously
mapped to the analytical system. Detailed information about
metabelite identification (RT, m/z, HMDB 1Ds) is provided in
the Supplementary Table S1.

Statistics

Cotrelations between variables were assessed using Spearman’s
rank-order correlation, which is particularly appropriate for
data that may not adhere to a normal distribution, The
Shapiro-Wilk test was employed to determine whether the
data conformed to a normal distribution. For normally dis-
tributed data, such as age, a one-way ANOVA was con-
ducted. In cases where data were not normally distributed,
the Mann-Whitney U test was used to evaluate statistical
differences between groups with two variables. For compar-
isons involving multiple groups, where normality and homo-
geneity of variance assumptions were violated—such as in
the analysis of IDO activity, kynurenic acid, Kyn, and Trp—
the Kruskal-Wallis test was applied. All statistical analyses
were conducted using the Jamovi software platform. Data
tables and visualizations were generated using Microsoft Excel.

Results

Our results revealed significant statistical differences in the
IDO activity across SPONCS groups (X*(4) = 12.0, p=.018,
€= 0.0707). Specifically, the median IDO activity values were
as follows: SPONCS 1 (median = 143, IQR = 119.6-387),
SPONCS 2 (median = 265, IQR = 158.1-367), SPONCS 3
(median = 188, IQR = 137.1-289), SPONCS 4 (median = 197,
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IQR = 108.9-261), and SPONCS 5 (median = 157, IQR =
84-226). Post hoc analysis indicated a statistically significant
difference in the IDO activity belween SPONCS 2 and
SPONCS 5 (p=.013), while no other significant differences
were observed between the groups.

Age differed significantly between the SPONCS groups
(X* (4) = 14.3, p=.006, €2 = 0.0847): SPONCS 1 (median =
59.0, IQR = 56.0-59.5)}, SPONCS 2 (median = 73.0, IQR =
65-79), SPONCS 3 (median = 77.5, IQR = 74.0-81.0),
SPONCS 4 (median = 750, IQR = 62.8-82.0), and SPONCS
5 (median = 73.0, IQR = 65.0-8L.5). Post hoc analysis
revealed statistically significant differences in age between
SPONCS 1 and SPONCS 3 (p=.047), SPONCS 1 and
SPONCS 5 (p=.049), and SPONCS 2 and SPONCS 3
(p=.039). No other pairwise comparisons showed statisti-
cally significant differences.

There were statistically significant differences between
Tep levels between males (median = 51.6, IQR = 28.3-66.7)
and females (median = 61.0, IQR = 39.9-80.4), U=2623,
p=.027, r=0.205, No other statistical tests achieved statisti-
cal significance.

A statistically significant small negative correlation was
observed between SPONCS and IDO activity (r, = —0.255,
n=170, p<.001). Additionally, a statistically significant
small positive correlation was found between SPONCS
and kynurenine levels (r, = 0.196, #=170, p=.011). A
weak yet significant positive correlation was also identi-
fied between IDO activity and kynurenic acid (r, = 0.245,
n=168, p=0.001). Furthermore, a statistically significant

medium  positive  corrclation  was detected  between
kynurenic acid and kynurenine (r, = 0.355, n=168,
p<.001). A medium positive correlation was found
between tryptophan and kynurenic acid (r, = 0.563,

n=166, p < .001). We found a statistically significant
small negative correlation between gender and Trp ratio
(r, = —0.170, n=168, p<.027). None of the mecasured
markers showed any correlation with the patient’s age. All
correlations are shown in Table 1.

Correlations were observed between Trp, Kyn, and IDO
activity; however, these were not reported, as IDO activity is
inherently derived from the relationship between Trp and
Kyn concentrations. Scatter plots of significant correlations
are shown in Figure 1,

Mann-Whitney U tests showed no statistically significant
difference in IDO activity between patients with and without
glaucoma (p=.964), pseudoexfoliation (p=.921), or diabetes
(p=.587). Gender was also not significantly associated with
IDO activity (p=.187).

Table 1. Heatmap displaying the correlation matrix of the analyzed metabolites, highlighting their relationships with age, SPOCNS, and gender,

SPONCS p value Tryptophan p value  Kynurenic acid  p value Kynurenine p value IDO b value
Tryptophan —0.071 355 —
Kynurenic acid —0.075 335 0.563 <.001 —
Kynurenine 0.196 01 0.362 <.001 0.355 <.001 —
DO —0.255 <.001 0.632 <.001* 0.245 .001 -0.424 <.001* —
Age 0122 114 —0.046 \555 0.071 362 0.098 204 —0,103 183
Gender —0.075 332 017 027 0.106 A7 0.101 189 0.102 187

Spearman correlations were used to analyze the data with all corresponding p-values displayed. Statistically significant p-values are highlighted in bold. P-values
marked with an asterisk (*) represent the correlation between IDO and kynurenine or tryptophan. However, since IDO is a calculated ratio of these twe metab-

olites, these correlations were not considered statistically significant.

64



4 @ A ZEMITISET AL,

3. pielikuma turpinajums

. T5=0.245,n= 168, p=0.001 44 (rg=0.196,n=170,p=0.011 1, =-0.255,n=170, p< 0.001
: 800 ) I
D ; k] .. p | 9004 N
o] S % l¢] .
s . . .
Afeooq ° u o JAY 600" 5
2 4 . . . 3
c n c . '
t e . & ' :
: : ) . F
i r i 2
300 : o] 300 A i . .
v . i z 3 v i
i n L 4 i . H
° ® .
r A ] N
yg o 4 0 o y| 0 4
0.00 1 2 3 4 5 1 2 3 4 5
Kynurenic Acid SPONCS SPONCS
. ry=0.563,n = 166, p <.001 44 r;=0.355, n= 168, p < 0.001 1.00 4 o
200 4 :
T K
3+ E
. . y 075
y§ 1504 ° n . G
P o u e
t + nl 24 . n | 050+
of o4 *ole . d
P 3 r e
h - it 14, r | 025
a n e, & g - -
2 . L 5 T 2 rg=-0.170,n= 168, p< 0.027
ST TR o o, oo
0_“:&? -'“.g‘. 0.00 - soemesems wes oo o
T T T T T T T T T
0.00 0.25 0.50 0.75 0 50 100 150 200
Kynunerine Kynuneric Acid Tryptophan

Figure 1. Scatter plot analysis of statistically significant correlations through visual representation.

Discussion

In our prior research, we investigated the metabolic changes
associated with cataract progression, with a particular
emphasis on the role of nicotinamide adenine dinucleotide
(NAD+) production in Trp metabolism to convert oxidized
GSH to its reduced form.® In that study, we explored the
role of GSH depletion and its downstream effects on meta-
bolic pathways, including kynurenine metabolism and mito-
chondrial function. The depletion of GSH leads to increased
reliance on NAD+ and activation of the kynurenine pathway,
processes that we observed to be dysregulated in cataract
patients, This prior work has been instrumental in framing
the metabolic changes observed in the present study, and we
hope it provides a foundation for future research focused on
oxidative stress markers and their link to metabelic disrup-
tions in cataractogenesis. In the present discussion, we will
shift our focus to the impact of DO activity and Kyn
metabolites on cataract progression and our findings in this
context.

In our study, the highest IDO activity, as measured by
IDO activity, was observed in patients with SPONCS 2 lens
hardness. These patients exhibit elevated IDO activity and
are more susceptible to progressive yellowing of the lens.

Elevated IDC activity may be a compensatory response Lo
oxidative stress and inflammation occurring in the lens.
Enhancing GSH levels within the lens is recommended for
these patients to mitigate the progression of cataracts. We
also observed a decline in IDO activity as lens hardness
increased. The underlying mechanisms behind this reduction
are not fully understood, but it may be linked to the apop-
tosis of lens epithelial cells during the later stages of cataract
progression. As the cataract matures and lens hardness
increases, a decrease in viable epithelial cells could lead to a
reduction in IDO expression. Previous studies have reported
that IDO activation exerts a protective effect on corneal
endothelial cells.®* Qur results suggest that IDO activity in
the lens may similarly be involved in cellular defense mech-
anisms during cataract formation. Notably, kynurenine levels
increased with the progression of cataract hardness and pro-
tein aggregation, suggesting a role in driving the morpholog-
ical changes associated with cataract development. This
observation aligns with previous findings, where elevated
levels of kynurenine and neopterin have been identified in
more advanced stages of cataracts.™

IFN-y has been implicated in the induction of apoptosis
in lens epithelial cells and the subsequent development of
cataracts. It is suggested that the formation of kynurenine
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through IDO-mediated pathways may contribute to catarac-
togenesis in the context of chronic inflammation.” Murine
corneal endothelial cells (MCECs) exhibit a consistent,
low-level expression of IDO under baseline conditions. Upon
exposure to UV-B radiation, there is a dose-dependent
upregulation of IDO expression. This UV-B irradiation also
induces elevated levels of apoptosis and caspase-3 activity in
MCECs. However, the addition of Kyn or the overexpression
of TDO in these cells significantly altenuates apoptosis fol-
lowing UV-B exposure.”® Caspase-3 is a cysteine-aspartate
protease responsible for cleaving specific cellular substrates,
playing a key role in the execution phase of programmed
cell death.?® Caspase-3 plays a dual role by inhibiting reac-
tive oxygen species (ROS) production and being essential for
the efficient execution of apoptosis.”” While caspase-3 is pri-
marily linked to apoptosis, there is some evidence suggesting
that under certain conditions, it may play a role in pyropto-
sis as well, though pyroptosis is more commonly associated
with caspase-1 activation.®

The cornea and lens are the two most significant tissues
responsible for the absorption of UV radiation within the
eye. Ascorbic acid present in the aqueous humor plays a
critical role in absorbing UVR and offers antioxidant protec-
tion against UV-induced damage to the lens surface.”® With
aging, structural changes in lens proteins and the progressive
vellowing of the lens diminish its ability to transmit UV
wavelengths. This age-related reduction in UV transmission
is thought to provide enhanced protection to tissues beyond
the lens during adulthood.™ UV radiation is known to gen-
crate ROS, such as hydroxyl, peroxyl, and supcroxide radi-
cals, which induce photodamage to protein residues,
including Trp, tyrosine, methionine, and cysteine. This oxi-
dative damage is a key factor in the pathogenesis of catarac-
togenesis, with excited-state tryptophan playing a critical
role in the photodamage reaction.’’ Age-related lens colot-
ation and fluorescence likely result from the covalent bind-
ing of UV filters, such as kynurenine, to c¢rystalling, driven
by the formation of reactive o,p-ketoalkenes. GSH effectively
inhibits this process by intercepting reactive intermediates,
while ascorbate has little impact and NADH provides pro-
tection through both reduction of intermediates and compe-
tition for binding sites on crystallins.** While GSH
concentration in the lens has been shown to decrease with
age, this decline is associated with increased oxidative stress
and the accumulation of damaged proteins, both of which
contribute to cataract formation.** The reduction in GSH
levels impairs the lens’s ability to neutralize ROS, leading to
further oxidative damage. Recent findings suggest that IDO1
activity suppresses ferroptosis by the cystine/glutamate anti-
porter system X%

Kyn metabolites are primarily present in the lens to pro-
tect it from oxidative damage induced by constant exposure
to UV light. These metabolites can be categorized inte two
groups: the primary group, which includes kynurenine,
3-hydroxykynurenine (30HKG), and 3-hydroxykynurenine
O-p-d-glucoside, and the secondary group, which comprises
4-(2-aminophenyl)-4-oxobutanoic acid and glutathionyl-
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kynurenine. Notably, the metabolites in the secondary group
are more effective as photosensitizers. The ratio of these pri-
mary and secondary filters in the human lens declines with
age, resulting in a reduced efficiency of secondary UV fil-
ters, thereby increasing susceptibility to UV-induced dam-
age.*® The conversion of kyn to 30HKG could be implicated
in cataract progression.®® 30HKG triggers apoptosis in
human lens epithelial cells.”” Previous studies have shown
that xanthurenic acid can induce apoptosis-like cell death in
human lens epithelial cells, involving mitochondrial damage
and DNA fragmentation at high concentrations.®* However,
it is important to note that xanthurenic acid and related
apoptotic markers were not assessed in the present study.

Our findings revealed elevated levels of kynurenic acid in
patients with higher levels of IDO activity. This could pos-
sibly suggest that other kynurenines are likely -elevated.
These results point to a potential therapeutic strategy: reduc-
ing kynurenine metabolites could help mitigate the patho-
logical changes associated with cataract progression. Targeting
the kynurenine pathway may therefore offer a novel approach
for delaying or preventing cataract development.

Although GSH and its exidized form were not measured
in the present study, previous research has suggested that
oxidative stress and redox imbalance may influence IDO
activity.® While this connection remains to be directly vali-
dated in the lens, exploring the relationship between GSH
status and IDO activity may offer useful insights in future
studies. Therapeutic strategies aimed at enhancing antioxi-
dant defenses, such as GSH supplementation, have been pro-
posed in the context of cataract prevention but require
further investigation.® In selenite-induced cataract models,
the Tephrosia purpurea extracts significantly reduced
malondialdehyde levels and prevented the depletion of
reduced glutathione.*' This suggests that targeting oxidative
stress, in conjunction with reducing kynurenine metabolites,
may provide a dual therapeutic approach to slow cataract
development and improve lens clarity, It seems plausible that
giving taurine supplementation might benefit patients expe-
riencing symptoms linked to Trp metabolite accumulation.*

Our findings demonstrate a clear association between cat-
aract progression and IDO activity. While age has been
identified as a contributing factor to lens hardness, it is
plausible that aging may result in decreased levels of GSH,
necessitaling  alternative  mechanisms  for lens  protection
against UV light. Age may not be the sole determinant of
cataract progression; rather, the extent of IDO activity could
play a more critical role.
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Abstract

Purpose: To investigate the role of the kynurenine pathway (KP) in ocular diseases by eval-
uating the activity of key enzymes—kynurenine aminotransferase (KAT) and kynurenine
monooxygenase (KMO)—and the 3-hydroxykynurenine to kynurenic acid (3-HK/KYNA)
ratio in relation to cataract severity, diabetes, glaucoma, and pseudoexfoliation syndrome
(PEXS). Methods: Tryptophan metabolite levels were measured in patients undergoing
cataract surgery and stratified by SPONCS grading and comorbid conditions. KAT and
KMO activities were estimated using metabolite ratios (KYNA/KYN and 3-HK/KYN,
respectively). Statistical analyses included Kruskal-Wallis tests with post hoc comparisons
and Mann-Whitney U tests. Results: KAT activity declined significantly with increasing
SPONCS grade (p = 0.014), suggesting a progressive loss of KYNA production and antioxida-
tive capacity in advanced cataracts. Diabetic patients exhibited higher KMO activity (p = 0.039)
and elevated 3-HK/KYNA ratios (p = 0.013), indicating a metabolic shift toward oxidative
stress and neurotoxicity. Similarly, glaucoma patients had significantly increased KMO ac-
tivity (p = 0.032), consistent with enhanced 3-HK-mediated retinal ganglion cell damage. In
contrast, PEXS showed no significant alterations in KP markers. Conclusions: The kynure-
nine pathway is differentially modulated in ocular diseases. A decline in KAT activity
correlates with cataract severity, while upregulation of KMQ is prominent in diabetes and
glaucoma, revealing disease-specific metabolic dysregulation. Targeting KMO to reduce
toxic metabolite accumulation or enhancing KYNA synthesis may offer novel therapeutic
avenues. These findings also support the potential of KP metabolites as biomarkers for
disease monitoring and progression.

Keywords: kynurenine pathway; cataract; glaucema; diabetes; kynurenine aminotransferase;
kynurenine moneoxygenase; 3-Hydroxykynurenine; kynurenic acid; oxidative stress;
ocular metabolism

1. Introduction

The kynurenine pathway (KF) is the principal route of tryptophan catabolism, gen-
erating metabolites that serve as UV filters in the lens, modulators of neurotransmis-
sion in the retina, and mediators of redox balance throughout the eye [1]. This pathway
generates various metabolites, such as kynurenine (KYN), kynurenic acid (KYNA), and
3-hydroxykynurenine (3-HK), which have been implicated in both protective and harmful
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roles in various physiological and pathological processes [2]. Kynurenines such as 3-HK
absorb ultraviolet light but can undergo oxidative transformation to form protein-bound
adducts, contributing to lens opacification and cataractogenesis [3,4]. Elevated levels of
KP metabolites, such as KYN and 3-HK, have been observed in the lenses of patients with
cataracts. These metabolites can modity lens proteins, leading to oxidative stress and
cross-linking of c-crystallins, which are critical for maintaining lens transparency [5].

Kynurenine aminotransferases (IKATs) direct flux toward KYNA, a broad-spectrum
antagonist of excitatory amino acid receptors with documented neuroprotective and an-
tioxidant effects [6,7]. In retinal models, elevated KYNA levels—whether via KAT activity
or Kynurenine 3-moncoxygenase (KMQO) inhibition—mitigate ischemia/reperfusion injury
and protect retinal ganglion cells from excitotoxic death [8]. KMO catalyzes the conversion
of KYN to 3-HK, a neurotoxic precursor of quinelinic acid and reactive oxygen species [9].
Dysregulated KMO activity and subsequent 3-HK accumulation have been implicated in
both diabetic cataract formation and glaucomatous retinal damage, linking metabolic flux
through this branch to ocular oxidative stress [10].

Nuclear cataract severity is objectively quantified by the Simplified Pre-Operative Nu-
clear Classification Score (SPONCS), a reproducible grading system strongly correlated with
lens density and intraoperative outcomes [11]. Despite growing interest in KP metabolites
as biomarkers, no study has yet mapped KAT and KMO activities across SPONCS grades
to elucidate how flux through each branch relates to cataract severity. In systemic disease,
diabetes mellitus hyperactivates indoleamine 2,3-dioxygenase (IDO) and downstream KP
enzymes, driving KMO flux and oxidative stress in both lens and retinal tissues [12]. Recent
work demonstrated progressive increases in aqueous humor IDO activity correlating with
cataract severity (SPONCS 2 vs. SPONCS 5, p = 0.013), suggesting kynurenine pathway
activation contributes to oxidative stress in lens epithelial cells during cataractogenesis [13].
In diabetic patients, the accumulation of KYN and its metabolites in the aqueous humeor
and lenses is significantly higher compared to non-diabetic individuals. This accumulation
is associated with oxidative damage and advanced glycatien end-product (AGE) formation,
which accelerates cataract progression [14]. Glaucoma is characterized by progressive reti-
nal ganglion cell loss and optic nerve degeneration [15]. Its pathogenesis involves oxidative
damage and excitotoxicity to retinal ganglion cells, processes that may be exacerbated by
an imbalance between KAT and KMO-mediated metabolites [16]. Studies have shown
that the levels of KYN and its derivatives, such as KYNA, are significantly altered in the
aqueous humor of glaucoma patients. These changes are associated with mitochondrial
dysfunction and oxidative stress, which contribute to retinal ganglion cell (RGC) death [17].
KP imbalance exacerbates retinal neurodegeneration: preclinical studies show that optic
nerve injury or NMDA-induced RGC death triggers downregulation of KAT isoforms and
transient KMQ} upregulation, leading to elevated 3-HK and depleted KYNA [1]. In a murine
model of hereditary glaucoma, reduced levels of tryptophan and KP metabolites, such as
KYNA and KYN, were cbserved in the retina. This suggests that imbalances in the KP may
play a role in the progression of glaucoma [18]. Conversely, pseudoexfoliation syndrome
(PEXS) is characterized by extracellular matrix abnormalities and oxidative stress, but its
relationship to KP enzyme activity has not been clearly defined [19]. While PEXS has long
been associated with oxidative stress, recent metabolemic evidence reveals a potential link
to ferroptosis [20].

Our study aims to evaluate the relationship between KP enzyme activities and
key ocular phenotypes by correlating KAT and KMO activities measured indirectly via
KYNA/KYN and 3-HK/KYN ratios with nuclear cataract severity as graded by SPONCS
and determining how these activities differ in patients with diabetes, glaucoma, and PEXS.
We also assess the 3-HK/KYNA ratio as an index of the balance between the neurotoxic
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(KMO-driven} and neuroprotective (KAT-driven) branches of the pathway. By linking
enzymatic flux through each branch of the pathway to clinical measures of disease, we seek
to clarify the contribution of KP dysregulation to ocular pathology and identify potential
targets for therapeutic intervention.

2, Materials and Methods
2.1, Study Group

This cross-sectional investigation examined aqueous humor specimens obtained from
101 individuals undergoing cataract surgery at Pauls Stradins Clinical University Hospital.
The cohort comprised 32 male and 69 female participants, with a mean age of 74.7 years
(+9.06 SD) and an age range of 50-94 years. Cataract severity was evaluated using the
SPONCS classification system, which hierarchically categorizes nuclear opalescence and
coloration across eight incremental stages (SPONCS 1 to 5, with intermediate “+” designa-
tions). Patients were categorived by their SPONCS classification levels. The study included
34 patients (33.7%) with SPONCS 2/2+, 33 patients (32.7%) with SPFONCS 3/3+, 12 patients
(11.9%) with SPONCS 4/4+, and 22 patients (21.8%) with SPONCS 5. Patients with the
mildest classification (SPONCS 1) were not included in the study.

The study included participants with age-related macular degeneration. However,
since baseline AMD status was not systematically recorded prior to surgery, this represents
an important limitation in our data collection that may affect the interpretation of results.
Although AMD patients were present in the cohort, the absence of standardized phenotyp-
ing (e.g., AREDS classification, QCT /angiography) precluded subgroup analysis. We posit
that serum KP metabolites—reflecting systemic inflammation—may better correlate with
AMD progression than aqueous humor, given its posterior segment locus. Future studies
should prioritize serum KP profiling in dedicated AMD cohorts. The distribution of ocular
comorbidities and their relationships within the study cohort are detailed in Tables 1-4,

Table 1. Comparison of age, sex, and ocular comorbidities across SPONCS severity groups.

SPONCS 2/2+ SPONCS 3/3+ SPONCS 4/4+ SPONCS 5 (n = 22) p-Value

(n=34) (n=33) {(n=12)
Age, mean (SD) 721 £9.95 78.2 + 6.39 775+ 8.36 71.0 +£9.76 0.021
Gender 0.205
Male 10 (9.99%) 8(7.9%) 3 (3.0%) 11 (10.9%)
Female 24 (14.1%) 25 (24.8%) 9 (8.9%) 11 (10.9%)
Glaucoma 0.256
Present 6 (5.9%) 10 {9.9%) 2{14.1% 2(2.0%)
Absent 28 (27.7%) 23 (22.8%) 10 (9.9%) 20 (19.8%)
Pseudoexfoliation syndrome 0.011
Present 9 (8.9%) 22 (21.8%) 5 (10.9%) 11 (10.9%)
Absent 25 (24.8%) 11 (10.9%) 7 (6.9%) 11 (10.9%)
Diabetes 0.796
Present 9 (8.9%) 11 (10.9% 5 (5.0%) 7 (6.9%)
Absent 25 (24.8%) 22 (21.8%) 7 (6.9%) 15 (14.9%)

Age distributions were compared using one-way ANOVA, while categorical variables were analyzed with
chi-square tests. Bold p-values denote statistically significant differences (p < (L05).
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Table 2. Association between glaucoma status and patient demographics, cataract severity, diabetes,
and pseudoextoliation syndrome.

Glaucoma (n = 20) No Glaucoma (n = 81) p-Value

Age, mean (SD) 742 £ 7.80 7491+ 9.38 0.771

Gender 0.857
Male 6 (5.9%) 26 (13.9%)
Female 14 (13.9%) 55 (54.5%)

Cataract severity 0.256
SPONCS2/2+ 6 (5.9%) 28 (27.7%)
SPONCS 3/3+ 10 (9.9% 23 (22.8%)
SPONCS 4/4+ 2 (2.0%) 10 (9.9%)
SPONCS 5 2 (2.0%) 20 (19.8%)

Pseudoexfoliation syndrome 0.063
Present 13 (12.9%) 34 (33.7%)
Absent 7 (6.9%) 47 (46.5%)

Diabetes 0.857
Present 6 (5.9%) 26 (25.7%)
Absent 14 (13.9%) 55 (54.5%)

Continuous variables were compared using independent {-tests, while categorical variables were analyzed with
chi-square tests,

Table 3. Association between pseudoexfoliation syndrome status and patient demographics, cataract
severily, diabetes, and glaucoma.

PEXS (n =47) No PEXS (n = 54) p-Value
Age, mean (SD) F7. 7778 721 +£9.33 0.001
Gender 0.634
Male 16 (15.8%) 6 (15.8%)
TFemale 31 (30.78%:) 8 (37.6%)
Cataract severity 0.011
SPONCS 2/2+ 9 (8.9%) 25 (24.8%)
SPONCS 3/3+ 22 (21.8%) 11 (10 9%)
SPONCS 4/4+ 3 (5.0%) 7 (6.9%)
SPONCS 5 11 (10.9%) 11 (10.9%)
Glaucoma 0.065
Present 13 (12.9%) 7 (6.9%)
Absent 34 (33.7%) 47 (46.5%)
Diabetes 0417
Present 13 (12.9%) 19 (18.8%)
Absent 34 (33.7%) 35 (34.7%)
Continuous variables were compared using independent #-tests, while categorical variables were analyzed with
chi-square tests. Bold p-values denote statistically significant differences (p < (.05).
Table 4. Association between diabetes status and patient demographics, cataract severity, pseudoex-
foliation syndrome, and glaucoma.
Diabetes (n = 32) No Diabetes {n = 69) p-Value
Age, mean (SD) 75.0 = 8.84 746 £ 9.11 0.823
Gender 0.057
Male 6 (5.9%) 26 (25.7%)
Female 26 (25.7%) 43 (42.6%)
Cataract severity 0.79
SPONCS 2/2+ 9 (8.94%) 25 (24.8%)
SPONCS 3/3+ 11 (10.9%) 22 (21.8%)
SPONCS 4/4+ 5 (5.0%) 7 (6.9%)
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Table 4. Cont.

Diabetes (n = 32) No Diabetes (n = 69) p-Value
SPONCS 5 7 (6.9%) 15 (14.9%)
Glaucoma 0.857
Present 6 (5.9%) 14 (13.9%)
Absent 26 (25.7%) 55 (54.5%)
PEXS 0417
Present 13 (12.9%) 34 (33.7%)
Absent 19 (18.8% 35 (34.7%)

Continuous variables were compared using independent #-tests, while categorical variables were analyzed with
chi-square tests.

Prior to surgery, aqueous humor samples were collected via paracentesis using a
27-gauge needle. Depending on availability, between 50 and 120 pL of fluid was carefully
aspirated and transferred into sterile Eppendorf tubes. The samples were initially frozen at
—18 “C on-site and transported the same day in insulated iceboxes to the Faculty of Materi-
als Science and Applied Chemistry at Riga Technical University. There, they underwent
further analysis and were stored long-term at —80 “C to preserve sample integrity.

Ethical oversight was provided by the Riga Strading University Medical Ethics Com-
mittee (Approval No. 2-PEK-4/307 /2023, dated 21 March 2023), with operational approval
granted by Pauls Strading Clinical University Hospital. All participants provided writ-
ten informed consent, and the study was conducted in full compliance with the ethical
principles outlined in the Declaration of Helsinki.

2.2. LC-MS-Based Metabolite Analysis

Aqueons humor metabolites were isolated via methanol-based extraction. Briefly,
10 uL of each sample was aliquoted into Eppendorf tubes and combined with 80 pL
methanol and 10 pl isctope-labeled internal standards. The mixture was vortex-mixed
for 15 5, followed by centrifugation (10,000 RPM, 10 min) to pellet insoluble debris. The
clarified supernatant was collected and transferred to HPLC vials for downstream analysis.

Quantitative metabolite profiling was performed using hydrophilic interaction liquid
chromatography (HILIC) coupled to a high-resolution Orbitrap Exploris 120 mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). Chromatographic separation was
achieved on an ACQUITY UPLC BEH Amide column (2.1 x 100 mm, 1.7 um; Waters,
Milford, MA, USA) maintained at 40 *C. The mobile phase comprised (A) 0.15% formic acid
and 10 mM ammenium formate in water and (B) 0.15% formic acid and 10 mM ammonium
formate in 85% acetonitrile, A stepwise gradient was applied as follows: initial conditions
at 100% B (0-6.0 min), followed by a rapid reduction to 94.1% B (6.0-6.1 min), a gradual
decline to 82.4% B (6.1-10.0 min), and a final decrease to 70.6% B (10.0-12.0 min). The
column was re-equilibrated at 100% B for 6 min, yielding a total run time of 18 min. The
flow rate was fixed at 0.4 mI./min, with an injection volume of 2 ul..

Electrospray ionization was conducted in both positive and negative modes, with
spray voltages set to 3.5 kV (positive) and 2.5 kV (negative). Full-scan MS data were ac-
quired across a mass range of 50-600 m/z at a resolution of 60,000, Operaticnal parameters
included a capillary temperature of 350 “C, auxiliary gas flow rate of 12 arbitrary units,
nebulizer gas flow rate of 50 arbitrary units, and heater temperature of 400 "C. Quantitation
relied on seven-point calibration curves with internal standardization, processed using
TraceFinder 5.1.1 software (Thermo Fisher Scientific).

Metabolites were unequivocally confirmed at identification level A [21] by matching
retention times (RT) and accurate m/z values (<3 ppm error) to authenticated reference
standards analyzed under identical conditions.
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2.3. Enzyme Identification

KAT activity was estimated indirectly by calculating the ratio of IKYNA to KYN. The
KYNA/KYN ratio is widely used as a surrogate for net KAT activity in biological sam-
ples [22,23]. While this ratic provides a useful index of net transamination activity directed
toward IKYNA formation, it does not fully represent the intrinsic catalytic properties of
the KAT enzymes. Specifically, the KYNA /KYN ratio is influenced by factors such as
the availability of the cofactor pyridoxal 5'-phosphate, the presence and concentration
of the necessary 2-oxoacid cosubstrate, and the relative activities of competing metabolic
pathways (e.g., the metabolism of 3-HK to xanthurenic acid) [24,25]. Moreover, it does
not provide kinetic parameters such as Vi and Ky, which are critical for a comprehen-
sive characterization of enzyme function. Therefore, while changes in this ratio reflect
alterations in net KYNA production, they do not completely capture the full scope of KAT
enzymatic activity.

KMQO activity was estimated indirectly by calculating the ratio of 3-HK to KYN. The
3-HK/KYN ratio serves as a practical index of KMO-mediated hydroxylation of KYN to
3-HK [26]. While this ratio serves as a practical indicator of net KMO activity, it does not
fully represent the intrinsic kinetic properties of the enzyme, which can be influenced by
cofactor availability, competing metabolic pathways, and the downstream metabolism of
3-HK. KMO relies on NADPH and FAD; fluctuations in cellular redex status can decouple
the ratio from true enzyme capacity [27]. Thus, although useful for relative comparisons
under our experimental conditions, the 3-HK/KYN ratio represents an indirect measure of
KMO activity.

In our study, we also caleulated the ratio of 3-HK to KYNA as an index of the balance
between the neurotoxic and neuroprotective arms of the KP. Reflects the balance between
neurotoxic (KMO) and neuroprotective (KAT) branches [28]. Although this ratio serves as
a useful biomarker, reflecting the relative flux through KMO compared to KAT-mediated
reactions, it should be interpreted with caution. The 3-HK/KYNA ratio is affected by the
availability of substrates, cofactors, and the activity of competing metabolic routes, and
therefore, it provides an indirect measure of enzymatic contrel rather than a direct kinetic
assessment of KMO or KAT activity.

Using metabolite ratios such as KYNA /KYN for KAT activity and 3-HK/KYN for
KMO activity is a common indirect approach that offers practical insights into pathway flux
but does not substitute for direct kinetic characterization. These ratios are influenced by co-
factor (e.g., pyridoxal-5'-phosphate, NADPH/FAD) availability, cosubstrate concentrations,
and competing metabolic branches (e.g., xanthurenic or quinolinic acid formation).

2.4, Statistics

Neormality of the data distribution was assessed using the Shapiro-Wilk test. For
data that did not conform to a normal distribution, non-parametric statistical methods
were employed. Specifically, the Mann-Whitney U test was used to compare differences
between two independent groups. For comparisons involving more than two groups, a
non-parametric one-way ANOVA {Kruskal-Wallis test) was applied. All statistical analyses
were performed using the Jamovi 2.6.25. software platform. Data tables were prepared in
Microsoft Excel. Notably, metabolite concentrations obtained via M5-LC were analyzed as
raw values without normalization.

3. Results

In our study, KAT activity was different between groups [X?(3) = 10.63, p = 0.014,
&2 = 0.1063]. Specifically, the median KAT activities were as follows: SPONCS 2 /2+—1.598
(IQR: 0.974-2.47), SPONCS 3/3+—1.273 (IQR: 0.776-1.93), SPONCS 4/4+—1.192
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(TQR: 0.726-1.62}, and SPONCS 5—0.738 (IQR: 0.231-1.50). Post hoc analysis revealed
that the largest difference was between SPONCS 2 and SFONCS 5 (p = 0.017). In con-
trast, neither KMO activity nor the 3-HK/KYNA ratio differed among the cataract groups.
The observed decrease in KAT activity from SPONCS 2 to SPONCS 5 reveals a shift in
the KP away from the production of KYNA, a neuroprotective metabolite. This shift
could contribute to increased oxidative stress and neurotoxicity, potentially exacerbating
cataract severity.

When comparing patients with and without diabetes, we found that KMO activity was
increased more in diabetic patients (median = 0.765, IQR = 0.498-1.095) than in non-diabetic
patients (imedian = 0.545, IQR = 0.364-0.802); this was supported by a Mann-Whitney
U test (U = 820, p = 0.039, r = 0.257). Morcover, the 3-HK/KYNA ratio was clevated in
diabetic patients (median = 0.668, IQR = 0.306-1.215) compared to those without diabetes
(median = 0.401, IQR = 0.401-0.717; LI = 764, p = 0.013, r = 0.308). KAT activity, however,
did not show significant differences in relation te diabetes status. Elevated KMO activity
and a higher 3-HK/KYNA ratio in diabetic patients indicate a metabolic shift toward
the production of 3-HK, a metabolite associated with oxidative stress and neurotoxicity.
This alteration may contribute to the development of diabetic cataracts and other ocular
complications associated with diabetes.

For patients with glaucoma, KMO activity was elevated (median =0.819, IQR = 0.601-1.085)
compared to nen-glaucoma patients {median = 0.526, IQR = 0.368-0.824; U = 558, p = 0.032,
r = 0.3111), while no statistically significant differences were observed for KAT activity or
the 3-HK/KYNA ratio between the glaucoma groups. The increased KMO activity ob-
served in glaucoma patients suggests enhanced production of neurotoxic metabolites like
3-HK, which could contribute to RGC damage and optic nerve degeneration characteristic
of glaucoma.

Lastly, in the group with PEXS, none of the measured values (KAT activity, KMO
activity, or the 3-HK/KYNA ratio) reached statistical significance. The lack of changes in
KAT and KMO activities or the 3-HK/KYNA ratio in PEXS patients implies that the KP may
not be directly involved in the pathogenesis of PEXS. This aligns with studies indicating
that PEX is associated with other mechanisms, such as oxidative stress and extracellular
matrix abnormalities.

Overall, while the KYNA/KYN ratio (for estimating KAT activity) and the 3-HK/KYNA
ratio (for assessing the balance between the neurotoxic and neuroprotective branches of
the pathway) provide valuable indirect measures, our findings indicate that alterations are
mainly obscrved in KMO activity in specific subgroups (i.c., diabetes and glaucoma) and
in KAT activity across SPONCS severity levels. These indices should be interpreted within
the context of the limitations inherent to indirect biochemical assays.

4, Discussion
4.1. Cataract

Progressive diminution of KAT activity from SPONCS grade 2 through grade 5
cataracts implies a stage-dependent reprogramming of lens tryptophan metabolism that
parallels disease progression. In the earliest stage (SPONCS 2), elevated KAT activity may
represent an intrinsic antioxidative mechanism [29]: by transaminating KYN fo KYNA,
KAT enzymes reduce ROS accumulation and slow protein aggregation. As cataract severity
advances, the observed, stepwise attenuation of KAT activity likely reflects cumulative
oxidative insult and progressive depletion of essential cofactors—most notably pyridoxal
phosphate—or direct oxidative inactivation of the enzyme complex. By SPONCS 5, this
decline in KAT function not only impairs KYNA-mediated photoprotection but also shunts
KYN metabolism toward neurotoxic intermediates, such as 3-HK and quinolinic acid,
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which have been implicated in crystallin cross-linking and exacerbation of lens opacity in
cataracts [30]. Morecver, reduced KAT activity may exacerbate NAD' depletion [31,32],
undermining lens cellular repair processes and redox equilibrium.

Despite the progressive decrease in KAT activity, KMO activity and the systemic
3-HK/KYNA ratic remain ostensibly unaltered across SPONCS grades, suggesting ei-
ther stringent regulatory control of these enzymatic branches or enhanced catabolism of
their metabolites. This differential vulnerability underscores the pivotal role of KAT in
maintaining lens transparency, whereas broader modulation of the KP may necessitate
complementary interventions targeting multiple enzymatic nodes.

Given the modest effect size observed {2 = 0.1063), it is probable that additional
variables—such as genetic polymorphisms, ultraviolet light exposure, or metabolic
comorbidities—centribute to interindividual disparities in KAT activity. Accordingly, future
investigations should incorporate targeted metabolomic analyses of aqueous humor or ex
vivo lens tissue to substantiate these findings. From a translational perspective, early-stage
(SPONCS 2/2+) lenses may benefit from pharmacologic strategies aimed at preserving KAT
cofacter availability (for example, vitamin By supplementation), whereas advanced-stage
cataracts might require adjunctive therapies to scavenge 3-HK-derived radicals or replenish
NAD" pools, thereby restoring redox homeostasis and decelerating opacification.

4.2, Diabetes

Our study reveals significant dysregulation of the KP marked by elevated KMO activity
and an increased 3-HK/KYNA ratio. These alterations suggest a diabetes-induced metabolic
shift favoring 3-HK production. This shift may enhance local oxidative stress within the eye,
potentially contributing to the pathogenesis of diabetic ocular complications [33].

Chronic hyperglycemia is known te induce oxidative stress and inflammation—factors
that can upregulate KMO expression via pathways involving NF-kB [34] or HIF-1e [35].
Increased KMO activity accelerates the conversion of KYN to 3-HK and downstream
toxic metabolites such as quinolinic acid. This could lead to direct damage of ocular
structures through mechanisms including protein glycation—whereby 3-HK reacts with
lens erystallins to form AGEs [36] and mitochondrial dysfunction via the generation of
ROS, both of which contribute to lens opacification and retinal injury.

The elevated 3-HK/KYNA ratio observed in diabetic patients highlights an imbalance
between the neurotoxic and neuroprotective branches of the IKP [37]. While KAT activity
appears preserved, KYNA levels may be reduced due to increased consumption as an
antioxidant or degradation under hyperglycemic oxidative stress. This selective disruption
of the KMO-dependent arm of the KP is consistent with prior studies indicating tissue-
specific metabolic alterations in diabetic conditions [38].

These alterations have functional consequences, In cataracts, 3-HK-driven AGE for-
mation likely accelerates lens clouding, while in diabetic retinopathy, increased ROS and
pro-inflammatory signaling linked to 3-HK may compromise the blood—retinal barrier and
promote diabetic retinopathy via VEGF activation [39]. In patients with comorbid glau-
coma, heightened KMO activity may synergize with glaucomatous damage by exacerbating
RGC loss through oxidative and excitotoxic mechanisms [40].

These findings underscore the need for further mechanistic and clinical investigations.
Future research should focus on quantifying downstream metabolites {e.g., quinolinic acid,
NAD"}), assessing KMO transcriptional regulation in diabetic ocular tissues, and evaluating
the prognostic value of KP biomarkers in tracking disease progression. Additionally,
therapeutic strategies targeting this pathway—such as KM inhibitors, KYNA analogs,
or antioxidant adjuvants—warrant exploration for their potential to mitigate diabetes-
associated ocular disease.

76



4. pielikuma turpindjums

] Clin. Med. 2025, 14, 4529 Yof13

4.3. Glaucomn

The marked elevation of KMO activity in glaucoma patients (p = 0.032) points to a
disease-associated shift in tryptophan metabelism toward the production of neurotoxic
metabolites, By catalyzing the conversion of KYN into 3-HK. Elevated activity of KMO
may cxacerbate glutamate-induced excitotoxicity and promote the generation of ROS,
thereby contributing to RGCs degeneration, accelerating optic nerve injury beyond what
intraocular pressure alone would predict [41]. The observed increase in KMO activity and
the elevated 3-HK/KYNA ratio in patients with glaucoma indicate a potential involve-
ment of KP dysregulation in promoting fibrotic remodeling of the trabecular meshwork.
Notably, 3-HK is a pro-oxidant metabolite known to stimulate the release of TGF-{31 and
enhance collagen deposition in trabecular meshwork cells, processes that may contribute
to ECM stiffening [42]. These findings implicate the KP in both neurodegenerative and
fibrotic mechanisms underlying glaucoma pathophysiology and highlight its components
as promising therapeutic targets for modulating disease progression.

Despite the rise in KMO activity, the 3-HK/KYNA ratio remains stable, implying
compensatory regulation that could mask imbalances within the retina or optic nerve
head. Small, cross-sectional patient cohorts raise concerns about statistical power and
the potential for false positives. Many glaucoma patients are on intraocular pressure-
lowering medications that can independently influence metabolic pathways, introducing
confounding factors that complicate causal inference.

Pro-inflammatory cytokines [43] (TNF-g, IL-6, IEN-y) and chrenic hypoxia [44] from
reduced ocular perfusion remain plausible upstream drivers of KMO upregulation. Simi-
larly, although small-molecule KMO inhibitors (such as CHDI-340246) have shown promise
in Huntington’s models [45], their ocular bioavailability, safety profile, and efficacy in
rodent models of ocular hypertension remain untested.

To bridge these gaps, future work should (1) quantify KMO activity and downstream
metabolites directly in ocular fluids or post-mortem retina, (2} expand and diversify patient
cohorts with rigorous adjustment for multiple comparisons, (3) employ longitudinal designs
linking baseline KMO levels to rates of visual field loss and RNFL thinning, and (4) evaluate
KMQ inhibitors—alone and in combination with NMDA antagonists (e.g., memantine)
and antioxidants (e.g., N-acetylcysteine)—in glaucoma-relevant animal models. Such
studies will be essential to determine whether targeting the KT’ can deliver meaningful
neureprotection in glaucoma. Modulating the KP te reduce neurotoxic metabolites and
enhance neuroprotective ones, such as KYNA, may provide a therapeutic strategy for
glaucoma. Additionally, targeting enzymes like IDO and KMO could help restore balance
to the KP and mitigate oxidative stress [1,46].

4.4, Pseudoexfoliation Syndrome

PEXS exhibited no significant changes in KP metrics, including KAT activity, KMO
activity, and the 3-HK/KYNA ratio. This preservation of pathway balance reveals that
KYN metabolism is not a central driver of PEXS pathegenesis. Instead, I'EXS appears to be
mediated by non-metabolic mechanisms, primarily involving structural abnormalities in
the extracellular matrix (ECM) and localized oxidative stress [47].

PEXS is characterized by the deposition of fibrillar material in ocular tissues, a process
closely linked to genetic variants in LOXL1 [48] and dysregulation of TGF-J5 signaling [49].

The maintained 3-HK/KYNA ratio further supports the notion that compensatory mech-
anisms may preserve pathway homeostasis in PEXS. Balanced expression of both KAT and
KMO, or reduced systemic inflammation compared te other ocular diseases, may prevent the
skewing of tryptophan metabolism toward either oxidative or neuroprotective arms.
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5. Conclusions

Qur study demonstrates that specific kynurenine pathway (KP) disruptions drive
distinct ocular pathologies: cataract progression shows a significant decline in KAT ac-
tivity (KYNA/KYN ratio decreasing with SPONCS grade, p = 0.014), while glaucoma
and diabetes exhibit clevated KMO activity (increased 3-HK/KYN ratios, p = 0.032 and
p =0.039, respectively) and neurofoxic 3-HK/KYNA imbalance (p = 0.013), with comorbid
cases showing amplified effects. In contrast, PEXS displays ne KP alterations, confirming
the pathway’s disease-specific involvement. Future studies should explore correlations
between serum and aqueous humor KP metabolite levels to establish minimally invasive
biomarkers for ocular pathology monitoring and therapeutic response assessment.

These insights open new avenues for therapeutic intervention. Modulating key
enzymes—stich as inhibiting KMO to reduce 3-HK toxicity or augmenting KYNA pro-
duction to enhance neuroprotection—could represent a promising strategy to mitigate
vision-threatening complications in at-risk populations. Furthermore, KYN metabolites
may serve as accessible biomarkers in the aqueous humor for early diagnosis, disease mon-
itoring, and therapeutic response assessment. Future research should aim to validate these
targets in longitudinal clinical cohorts and explore the utility of kynurenine-modulating
agents in preclinical and clinical settings.
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The following abbreviations arc used in this manuscript:

KP Kynurenine pathway

3-HK 3-hydroxykynurenine

KAT Kynurenine aminotransferase
KYNA  Kynurenic acid

KMO Kynurenine 3-monooxygenase
NMDA  N-methyl-D-aspartate

DO Indoleamine 2,3-dioxygenase
PEXS Pseudoexfoliation syndrome

AGE Advanced glycation end-product
FCM Extracellular matrix
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OT Molekularas genélikas laboratorijas vadilaja

3 Asoc. Prof. Anita Vetra Dr. med. Rehabilitacijas katedra, asocigta profesore

4 Profesore Ingrida Céma Dr. habil. med. Mutes, sejas un Zoklu un mutes medicTnas katedra, profesore
5 Docente Anna Junga Dr. med. Morlologijas laboratorijas vadilaja

6 Petniece p.i. Karina Palkova  Ph.DD. Advokate, Doktora studiju programmas vaditaja
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Marina Sinkovska

Pieteikuma iesniedzgjs/i:

Pétijuma / p&tnieciska darba nosaukums:

Péitjumu Slikas komilejas sédes dalums:

Péfjuma protokols:

Komitejas [@mums:

Komitejas priekssédétajs Janis Vetra
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parbaudes, mérfjumus), veicot ieglito datm apstradi un analzi, ka arT
publiskojot iegitos rezultatus. Personu (pacientu) informéta brIvpratiga
pickrifana picdalitics, iogfito persenu dam apstrade un aizsardziba. to
pielietosana, glabasana, anonimitate un konfidencialitate ir nodroginata.
L1dz ar to pieteikums atbilst p&tTjuma &tikas prasibam.

Piekrist p&tfjuma TstenoZanai.

Lituls: Dr. habil. med., profesors.

SIS DOKUMENTS TR ELEKTRONISKI PARAKSTITS AR DROSU ELEKTRONISKO PARAKSTU UN
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IZMANTOJAMAS PACIENTU SLIMIBAS VESTURES

Pétijumi paredzéts izmantot =300 g > 300%* O nav paredzgts izmantot vestures b
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urs Zarmir-
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Pacientu informétas piekriSanas veidlapa

INFORMETA PIEKRISANA ARSTNIECIBAI

/Pacienta virds, uzvirds/

Personaskods [ [ [ [ [ [ [-T T [ ] | |
Nodala Slimibas v@stures Nr.

Ar savu parakstu zemik apliecinu, ka esmu sanémusi/is un izpratusi/is visu noradito
informaciju un informaciju pacientam par:

v manu veselibas stavokli, tai skaita slimibas diagnozi un bitibu;

v' arstéSanas (izmeklgdanas, kirurgiskas operdcijas, procediiras, mediciniskas manipulacijas) mérki,
nepiecie$amibu, paredzamo apjomu, norisi un izmantojamajam metodem;

v"  arstniecibas riskiem un iesp&amajam komplikacijam, sagaidamajiem rezultatiem un rehabilitacijas planu;

v" alternativiem arstniecibas veidiem, ieskaitot nedrsté3anas riskus;

v" ki arf atbildes uz visiem mani intereséjosiem jautajumiem.

Informiciju pacientam skat. otraja pusg.

Esmu informéta/s par tiesthim un iespéju atteikties no drstniecibd izmantojamas metodes, neatsakoties no
arstniecibas kopuma, atsaukt doto piekridanu, parakstot rakstveida atteikumu.

PIEKRITU
[0 operacijas/izmeklgjuma/manipulacijas/
irstniecrba_ls rPEtOdef veik¥anai /apjomu un veidu ieraksta drstéjoSais drsts, drsta paraksts,
/vajadzigo pasvitrot/ vards, uzvirds, datums, laiks /

] anestezijai/analgézijai

/veidu ieraksta anesteziologs, drsta paraksts, virds,
uzvards, datums, laiks /

[0 asins komponentu transfizijai

fieraksta drst&josais arsts, arsta paraksts, vards, uzvards,
datums, laiks /

Pacients vai pacienta likumiskais parstavis

fzard_s.—uzvﬁrds, paraksts, datums, laiks/**

Arst-005 versija 03

**Informto pickrifanu dod un paraksta pacients vai, noriidot tiesisko pamatu un ievErojot pacienta ieprieks izteikto gribu attieciba uz arstniecibu:

- pacienta pilnvaroli persona, ja pacients ir informé&jis Arstniecibas iestddi par pilnvarojumu un tas ietver tiesthas piekrist ArstniecTbai vai tis metod2m,
sagemt informfEciju par pacienta veselTbas stivokli;
pacienta lauldtais, bet, ja tida nav- pilngadigie un ricibspgjigie radinieki 83dd secTha: pacienta b¥mi, vecaki, brilis vai msa, vecveciki, mazbmi, ja
pacients sava veselibas stiivokla vai vecuma dé| pats nespgj piepemt [émumu par arstniecibu;
likumiskais pérstivis, ja pacients atrodas aizbildnibi vai aizgadniba.
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Informacija pacientam

KIRURGISKA ACU OPERACIJA
UN IETEIKUMI PACIENTAM PEC KATARAKTAS OPERACIJAS

> HIV testam piekritu
» Atlauju izmantot savas slimibas datus kliniskam pétijumam

Iespéjamas komplikacijas:

v vietdjas anestézijas un nepiecieSamibas gadijuma vispar§jas anestézijas komplikacijas — sapes,
medikamentu nepanesamiba, vénu iekaisums, zobu bojajums;

v’ asino$ana; !

v briices sadzi$anas traucgjumi — pietikums, iekaisums, rétainas deformacijas, sepse;

v’ acs, tas apkart&jo audu un nervu bojajums: hematoma, iekaisums, redzes trauc&jumi, dubulto¥anas,
asaru atteces traucgjumi; :

v redzes pazeminaanas péc opericijas, Iidz pat iespgjamam redzes zudumam,

v sekundéras glaukomas attistianas;

v acs subatrofijas attistiSans;

v’ acs zaudgjums;

v’ citu organu un sistému slimibu paasinajumi un akiti stavok]i;

v’ psihiskas izmainas;

v letils izndkums

Ieteikumi pacientam p&c kataraktas opericijas:

» Pirmas 6 nedélas p&c opericijas nedrikst gulét uz operétis acs kermena puses, strauji noliekties
un ilgstosi atrasties ar noliektu kermena augddaju (piem., uzkopjot telpas, izmantot slotu, nevis
noliekties pie gridas).

> Nedrikst lietot grati sakoZamu, cietu partiku vai partikas produktus (jaizvairas no riekstu, burkanu,
cepumu u.¢. cietu produktu lietoanas). '

» Izvairities no saauksté$anis gadijumiem (pirmas 3-4 nedglas arpus telpam acs japarsien, pec tam
jalieto aizsargbrilles, istaba parsgjs nav vajadzigs). IzvairTties no kermena atdziSanas vai izmirk3anas,

> Nav ieteicams lasit, sasprindzinat redzi, tatu televizoru var skatities. Spilgtas gaismas gadijuma lietot
aizsargbrilles.

» Aci nedrikst berzgt, jaizvairds no sveskermenu un gruzu iek}i%anas act (piem., gatavojot virtuve,
stradajot darza, atrodoties v&jaina vieta — lietot aizsargbrilles).

»> Izvairities no dens, ziepju iek|uSanas acis. Dusa ejot, pirmajas 3 ned@|as aci vajag parsiet, lai acl
neiek|fitu Gidens.

» Acu pilieni jalieto 6-8 nedglas p&c operécijas:

* pirmajas diends — katru stundu;
* ofrajd nedg]a - 4 reizes,
e treSaji — ceturtaja nedg|d 2-3 reizes;
* péc tam, atkaribad no vajadzibas.
Pie graudanas sajiitas, acl iesmérét ziedi.
» Neskaiditbu gadijum, konsultéties ar savu arstgjo%o vai gimenes arstu.

PIEKRITU
Pacients vai pacienta likumiskais parstavis

/vards, uzvards, paraksts, datums, laiks/**

| Arst-005 versija 02 I

**Inform&to pickrisanu dod un paraksta paci vai, ot liesisko pamatu un ievérojot pacienta iepricks izteikto gribu attiecibd uz Arsticeibu:

< .pacienta pilnvarota persona, ja pacients ir inform@jis ArstniccTbas icstadi par pilnvarojumu un tas ictver tiesThas piekrist firstniecibai vai 1s inctodtm,
sapemt informdciju par pacienta veselibas stavokli;
pacienta laulftais, bet, ja tida nav- pilngadigie un ricTbspejigie radinieki 330 secTbd: pacienta bemi, vecaki, bralis vai mésa, veevecaki, mazb&rni, ja
pacients sava veselibas stivok|a vai vecuma dg] pats nespgj pienemt [Bmumu par ArstniecTbu;
lilbumiskaic niretBuic ia nonisnte arendar aiehildnTha uai aizaddnthe
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