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1. Wykaz publikacji stanowiacych rozprawe doktorska

1.1.

1.2.

Praca oryginalna

Kiluk M, Lewkowicz J, Kowalska I, Pawlak D, Lagoda K, Tankiewicz-Kwedlo A.
Alterations of the kynurenine pathway in patients with type 1 diabetes are associated
with metabolic control of diabetes. Pol Arch Intern Med. 2023;133(11):16581.
doi:10.20452/pamw.16581

IF — 3,8; MNiSW — 200 pkt.

Praca przegladowa

Kiluk M, Lewkowicz J, Pawlak D, Tankiewicz-Kwedlo A. Crosstalk between
Tryptophan Metabolism via Kynurenine Pathway and Carbohydrate Metabolism in the
Context of Cardio-Metabolic Risk-Review. J Clin Med. 2021;10(11):2484.
doi:10.3390/jcm10112484

IF — 4,964; MNiSW — 140 pkt.



2. Zestawienie publikacji

Rodzaj publikacji Liczba Impact Factor Punktacja MNiSW

Prace wiaczone do
o 2 8,764 340
rozprawy doktorskiej

Streszczenia zjazdowe 7 - -

Razem 9 8,764 340



3. Wykaz stosowanych skrotow

AA — kwas antranilowy (ang. anthranilic acid)

ACR — wskaznik albumina/kreatynina (ang. albumin/creatinine ratio)
BMI — wskaznik masy ciata ( ang. body mass index)

CRP — biatko C-reaktywne (ang. C-reactive protein)

DBP — rozkurczowe ci$nienie tetnicze (ang. diastolic blood pressure)
GFR — filtracja klebuszkowa (ang. glomerular filtration rate)

IDO — 2,3-dioksygenaza indolowa (ang. indoleamine 2,3-dioxygenase)
IL — interleukina

IFN- vy — interferon gamma

HbAlc — hemoglobina glikowana

HDL — lipoproteina o wysokiej gestosci (ang. high density lipoprotein)
HPLC — wysokosprawna chromatografia cieczowa (ang. high-performance

liquid chromatography)

HR — czynno$¢ serca (ang. heart rate)

KYN — kinurenina

KYNA — kwas kinureninowy (ang. kynurenic acid)

KP —szlak kinureninowy (ang. kynurenine pathway)

LDL — lipoproteina o niskiej gestosci (ang. low-density lipoprotein)

MDI — intensywna insulinoterapia w schemacie wielokrotnych wstrzyknig¢

(ang. multiple daily injections)
NAD+ — dinukleotyd nikotynoamidoadeninowy (ang. nicotinamide adenine
dinucleotide)

OPI — 0sobista pompa insulinowa

QA — kwas chinolinowy (ang. quinolinic acid)

SBP — skurczowe cisnienie tetnicze (ang. systolic blood pressure)

TDO — 2,3-dioksygenaza tryptofanowa (ang. tryptophan-2,3-dioxygenase)
TG —triglicerydy

TRP — tryptofan

TSH — hormon tyreotropowy (ang. thyroid stimulating hormone)

T1D — cukrzyca typu 1 (ang. type 1 diabetes)

T2D — cukrzyca typu 2 (ang. type 2 diabetes)



WHR — wskaznik talia/biodra (ang. waist-hip ratio)

XA — kwas ksanturenowy (ang. xanthurenic acid)

3-HKYN - 3-hydroksykinurenina (ang. 3-hydroxykynurenine)

3-HAA — kwas 3-hydroksyantranilowy (ang. 3-hydroxyanthranilic acid)



4. Wstep

4.1. Cukrzyca typu 1

Cukrzyca typu 1 (T1D) jest chorobg przewlekta spowodowang destrukcja komorek 3
trzustki przez proces autoimmunologiczny, co powoduje utrate zdolnosci wydzielania insuliny,

a w rezultacie prowadzi do jej bezwzglednego niedoboru.

W ostatnich latach obserwuje si¢ stopniowy wzrost zaréwno chorobowosci
(o ok. 0,34%/rok), jak i zapadalnosci na t¢ chorobe [1]. W 2021 r. liczba przypadkéw T1D
na §wiecie oszacowana zostata na okoto 8,4 miliona, a wigkszo$¢, bo az 82%, stanowity osoby
powyzej 20 roku zycia. Prognozuje si¢, iz do 2040 r. liczba os6b zyjacych z T1D bedzie
wynosita 13,5-17,4 mln, co jest rownoznaczne z szacunkowym wzrostem liczby przypadkow o
60% - 107% w poréwnaniu do 2021 r. [2]. Ponadto w$rod osob z T1D obserwuje si¢ 2-, a nawet
5-krotnie wyzsze ryzyko zgonu z jakiejkolwiek przyczyny w poréwnaniu do populacji ogdlne;j
[3]. W krajach wysoko rozwinigtych przewidywana dlugo$¢ zycia 10-letniego dziecka z
rozpoznang T1D wynosi 65 lat, co znacznie odbiega od $redniej prognozowanej dlugosci zycia

w Europie, ktora w 2022r. wynosita 80,6 lat [4].

Niewystarczajaca kontrola glikemii, a takze wystgpowanie ostrych 1 rozwoj
przewlektych powiktan w postaci makro- i mikroangiopatii, neuropatii oraz retinopatii sg
kluczowymi czynnikami przyczyniajacymi si¢ do zwigkszonego ryzyka zgonu w tej populacji.
Co wiecej, nawet wsrod chorych z prawidtowa kontrolg metaboliczng cukrzycy (u ktorych
odsetek HbA 1c utrzymuje si¢ ponizej 7%), ryzyko zgonu z jakiejkolwiek przyczyny pozostaje

nadal dwukrotnie wyzszy niz w populacji ogélnej [5].

Ocenia sig, ze do 45 roku zycia u ponad 70% mezczyzn 1 50% kobiet z T1D rozwinie
si¢ przewlekly zespot wiencowy [6], natomiast u okoto 30% pacjentéw dojdzie do rozwoju
schytkowej niewydolnos$ci nerek [7]. Osoby z cukrzyca sa takze w wigkszym stopniu narazone
na wystgpienie depresji oraz zaburzen lgkowych, co w rezultacie przyczynia si¢ do obnizenia

jakosci ich zycia [8].

Przedstawione powyzej dane epidemiologiczne wskazuja na istotny wzrost

zapadalnos$ci na T1D, ktory staje si¢ coraz wickszym wyzwaniem dla zdrowia publicznego



na calym $wiecie. Dlatego celowe wydaje si¢ poszukiwanie nowych patomechanizméow

lezacych u podtoza rozwoju oraz progresji powiktan w populacji pacjentow z T1D.

4.2. Szlak kinureninowy

Szlak kinureninowy (KP) stanowi gtowng droge przemian tryptofanu (TRP), ktorej
produktem koncowym jest dinukleotyd nikotynoamidoadeninowy (NAD+), petiacy istotng
role w procesach oddychania komoérkowego. Jednocze$nie prowadzi do powstania wielu
bioaktywnych metabolitow, charakteryzujacych si¢ czesto przeciwstawnymi wlasciwosciami,
takimi jak cytotoksyczno$¢ — cytoprotekcja, oksydacja — antyoksydacja, neurotoksyczno$¢ —

neuroprotekcja, dziatanie prozapalne — dziatanie przeciwzapalne [9].

Do nadmiernej aktywacji szlaku dochodzi w warunkach pobudzenia uktadu
immunologicznego, jak rdwniez w czasie stresu oksydacyjnego [10]. Proces ten prowadzi
do kumulacji poszczegélnych metabolitéw, co w konsekwencji moze przyczyniaé si¢
do rozwoju szeregu chorob. Ostateczny efekt, jaki wywieraja metabolity KP, zalezy
od proporcji pomigdzy ich stgzeniami w poszczegélnych tkankach, a takze od czynnikow

genetycznych oraz epigenetycznych, ktore modyfikuja aktywnos¢ biologiczng tych zwigzkow.

Tryptofan (TRP), aminokwas egzogenny, w organizmie czlowieka wykorzystywany jest
do biosyntezy bialka (okoto 4-5%). Niewielka jego czg$¢ podlega metabolizmowi w szlaku
serotoninowym (okoto 1%), natomiast ogromna wigkszo$¢, bo az 93-94%, ulega przemianom
szlakiem kinureninowym [11]. W warunkach fizjologicznych, szlak najwigksza aktywnos$¢
wykazuje w watrobie, natomiast ekspresja gendéw kodujacych enzymy obserwowana jest

w niemal kazdej tkance.

Pierwszy etap szlaku katalizowany jest przez dwa niezalezne enzymy: 2,3-
diooksygenazg indolowa (IDO) i1 2,3-dioksygenze tryptofanowa (TDO). Polega on na
przemianie TRP do N-formylo-kinureniny, ktora przy udziale formaminidazy przeksztalcana
jest do kinureniny (KYN). TDO peini swa role w warunkach fizjologicznych przede wszystkim
w watrobie, determinujac stezenie TRP w surowicy. Natomiast aktywnos$¢ IDO indukowana
jest przez cytokiny, takie jak interferon gamma (IFN-y) interleukina-1 (IL-1), czy IL-6,
produkowane podczas stanu zapalnego oraz stresu oksydacyjnego [12]. Przyjmuje si¢, ze

aktywnos$¢ IDO 1 TDO w pismiennictwie przedstawiana jest jako stosunek KYN/TRP [13].



Nastgpnie KYN moze by¢ metabolizowana w trzech réznych kierunkach. Najbardziej
aktywna $ciezka przemian KYN w warunkach homeostazy jest ta, ktora prowadzi do syntezy
NAD". W wyniku hydroksylacji KYN powstaje 3-hydroksykinurenina (3-HKYN), zwigzek
o wlasciwosciach cytotoksycznych, ktory dalej hydrolizowany jest do kwasu 3-
hydroksyantranilowego (3-HAA). W kolejnym etapie z 3-HAA tworzony jest kwas
chinolinowy (QA) - uznawany za zwigzek neurotoksyczny, a ten nastepnie metabolizowany jest
w reakcji katalizowane] przez fosforybozylotransferaze chinolowga do mononukleotydu
nikotynoamidowego — prekursora NAD" [14]. 3-HKYN moze by¢ takze przeksztalcana
za pomocg aminotransferazy kinureninowej do kwasu ksanturenowego (XA), ktory odpowiada
zarowno za indukcj¢ apoptozy w migsniach gladkich naczyn, jak i pelni funkcje zmiatacza

reaktywnych form tlenu [15].

Ponadto KYN moze by¢ przeksztalcana do kwasu kinureninowego (KYNA) pod
wpltywem aminotransferazy kinureninowej. Dotychczasowe badania wskazuja na wlasciwosci

neuroprotekcyjne, immunomodulujace oraz antyoksydacyjne tego zwigzku [16,17].

Trzecim metabolitem KP, powstajacym na drodze hydrolizacji KYN, katalizowanej
przez kinureninazg, jest kwas antranilowy (AA), ktory w warunkach fizjologicznych hamuje
dioksygenaze kwasu 3-hydroksyantranilowego, zmniejszajac w ten sposob produkcje QA [18].

Przebieg najwazniejszych etapoéw KP przedstawiony zostat na rycinie nr 1a (Ryc.1a).

oy, AN |
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AA — kwas antranilowy, IDO — 2,3-dioksygenaza indolowa, KYNA — kwas kinureninowy, NAD+ - dinukleotyd
nikotynoamidoadeninowy, QA — kwas chinolinowy, TDO - 2, 3-dioksygenaza tryptofanowa, XA — kwas
ksanturenowy, 3-HAA — kwas 3-hydroksyantranilowy, 3-HKYN — kwas 3-hydroksykinurenowy

Ryc. la. Schematyczny przebieg szlaku kinureninowego.
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4.3. Szlak kinureninowy a zaburzenia metabolizmu weglowodanow

Dane z piSmiennictwa wskazujg, iz zaburzenia w przebiegu szlaku kinureninowego
obserwowane sg w otytos$ci, miazdzycy, nadci$nieniu tgtniczym, niewydolnos$ci serca, a takze
cukrzycy typu 2 (T2D) [19]. Wiele badan eksperymentalnych wykazalo, iz kinureniny
zaangazowane s3 rowniez w metabolizm glukozy [20,21]. Jednakze badania uwzgledniajace

zmiany w przebiegu KP w T1D sg nieliczne.

W badaniach eksperymentalnych zaobserwowano, iz TRP bierze udziat w regulacji
wydzielania insuliny i hormonoéw inkretynowych [22]. Wykazano takze zwigzek pomiedzy
wyzszymi stezeniami TRP, a nasileniem skltadowych zespotu metabolicznego,
m.in. insulinoopornos$ci, sekrecji insuliny oraz stezeniem TG. Badania kliniczne wskazuja
na zwigzek stezenia TRP w surowicy z ryzykiem wystapienia cukrzycy w populacji ogolnej
[23]. Natomiast w modelach mysich T1D obserwowano wzrost stezen KYNA wraz z czasem

trwania cukrzycy [24].

Z kolei KYN, wykazujgca wlasciwosci immunomodulujagce, w warunkach
fizjologicznych zwigksza wydzielanie insuliny z komorek B trzustki po ich stymulacji glukoza
[20]. Jej podwyzszone stezenie byto obserwowane takze w otytosci [25]. Moze mie¢ to zwigzek
z przewleklym stanem zapalnym w tkance tluszczowej, prowadzacym do produkcji IFN, ktéry
aktywuje przemiany TRP szlakiem kinureninowym [26]. Przeprowadzone w ostatnim czasie
badania potwierdzaja skutecznos¢ KYN jako adjuwanta w szczepionce fagowej GAD65, ktorej

celem jest indukcja tolerancji immunologicznej w celu zapobiegania T1D [27].

Ponadto wykazano, iz 3-HKYN oraz 3-HAA hamuja stymulowane leucyng uwalnianie
insuliny z komorek B trzustki oraz dodatnio koreluja z odsetkiem hemoglobiny glikowane;j

(HbATc) 1 uposledzong tolerancja glukozy [28].

Kolejnym waznym zwigzkiem jest AA, charakteryzujacy si¢ dzialaniem
insulinotropowym. Jego pochodne sg obecnie badane pod katem opracowania nowych lekow
przeciwhiperglikemicznych, z uwagi na mechanizm hamowania a-glukozydazy oraz

fosforylazy glikogenowej [29,30].

Dane literaturowe wskazuja, iz pochodne KP biorg rowniez udziat w rozwoju powiktan
przewlektych cukrzycy takich jak: neuropatia, retinopatia, mikro- i1 makroangiopatie

[31,32,33].
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Biorac pod uwage, ze osoby z T1D sg szczeg6lnie narazone zar6wno na stres oksydacyjny,
jak 1 stan zapalny, celowym wydaje si¢ poglebianie wiedzy na temat powigzan pomi¢dzy
aktywacjg uktadu kinureninowego, a patogenezg T1D, jej przebiegiem oraz rozwojem powikian
przewleklych w tej grupie chorych. Moze to w przysztosci zaowocowaC nowg strategia
farmakologiczng, opierajaca si¢ na modulacji KP oraz wcze$niejsza identyfikacja osob
predysponowanych do rozwoju przewlektych powiktan, a w zwigzku z tym przyczyni¢ si¢ do

wczesniejszego ich  wykrywania oraz  wdrozenia odpowiedniego  postgpowania

profilaktycznego.

12



5. Cele rozprawy doktorskiej

Celem gtéwnym niniejszej rozprawy doktorskiej byta ocena zaburzen przemian tryptofanu
szklakiem kinureninowym w populacji 0séb z cukrzyca typu 1 oraz jego zwiazku z kontrola

metaboliczng cukrzycy.

W oparciu o cel gtéwny sformutowano nastepujace cele szczegotowe:

1. Ocena stezen wybranych metabolitow szlaku kinureninowego (tryptofanu, kinureniny,
kwasu kinureninowego, 3-hydroksykinureniny oraz kwasu antranilowego) w surowicy
oraz moczu 0sob z cukrzycg typu 1.

2. Ocena zalezno$ci pomiedzy stezeniami tryptofanu i jego metabolitow a parametrami

kontroli metabolicznej cukrzycy oraz jej powiklaniami.

13



6. Omowienie pracy przegladowej pt.: ,,Crosstalk between
tryptophan metabolism via Kkynurenine pathway and
carbohydrate metabolism in the context of cardio-metabolic risk
- review”

Kiluk M, Lewkowicz J, Pawlak D, Tankiewicz-Kwedlo A. J Clin Med. 2021 Jun
4;10(11):2484 d0i:10.3390/jcm10112484.

Celem pracy byl przeglad dostepne;j literatury naukowej dotyczacej postgpoéw w badaniach
nad zwigzkiem szlaku kinureninowego z cukrzyca, a w szczegolnosci jego roli w metabolizmie

weglowodanoéw oraz udziale w rozwoju powiktan w uktadzie sercowo-naczyniowym.

We wstepie przedstawiono krotka charakterystyke KP oraz dane epidemiologiczne
na temat cukrzycy. Podkreslono rol¢ przewlektego stanu zapalnego oraz stresu oksydacyjnego,
lezacych u podtoza wielu zaburzen metabolicznych, w aktywacji przemian TRP szlakiem
kinureninowym. Nastepnie omowiono przemian¢ TRP szlakiem kinureninowym w warunkach
fizjologicznych. Opisano takze metodyke, ktorg postugiwano si¢ w celu odpowiedniego doboru

literatury.

W kolejnym rozdziale dokonano szczegdtowego przegladu badan eksperymentalnych oraz
klinicznych, dotyczacych roli TRP, KYN, KYNA, XA, 3-HKYN, 3-HAA oraz QA
w metabolizmie weglowodanow, jak réwniez zmian ich stezen w wybranych warunkach
patologicznych. Na koficu zamieszczono tabel¢ podsumowujaca wyniki najistotniejszych

badan przeprowadzonych na doswiadczalnych modelach cukrzycy.

W nastepnej czesci publikacji przedstawiono dane literaturowe dotyczace roli IDO
w patogenezie T1D, atakze udzialu monooksygenazy kinureninowej oraz QA w rozwoju
retinopatii oraz neuropatii cukrzycowej. Ponadto omowiono zmiany w przebiegu KP

obserwowane w T2D oraz przedstawiono je na rycinie.

W ostatnim rozdziale zaprezentowano analize¢ doniesien naukowych na temat udziatu KP
W patogenezie oraz progresji chorob uktadu sercowo-naczyniowego (miazdzycy, przewlektego
zespotu wiencowego oraz niewydolnosci serca), stanowigcych najczestsze powiktania
cukrzycy. Ponadto zidentyfikowano kinureniny, ktorych udzial w tych procesach wydaje si¢

by¢ najistotniejszy.
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Podsumowujac, pochodne KP ze wzgledu na zdolno$¢ oddzialywania ze specyficznymi
receptorami (receptorem weglowodoréw aromatycznych (AhR), receptorem N-metylo-D-
asparaginowym (NMDA)), wystepujacymi w tkankach istotnych dla metabolizmu
weglowodanow (trzustce, tkance thuszczowej 1 watrobie), moga by¢ uwazane za modulatory
zaburzen metabolicznych. Enzym IDO wydaje si¢ by¢ czynnikiem taczacym cukrzyce
i choroby sercowo-naczyniowe. Zrozumienie roli KP w metabolizmie weglowodanow, a takze
mechanizmow regulujacych aktywno$¢ enzymow szlaku, jest niezwykle wazne, lecz wymaga
dalszych badan. Poszerzenie wiedzy na ten temat mogloby przynies¢ wiele korzysci

dla spersonalizowanego leczenia cukrzycy.
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7. Omowienie pracy oryginalnej pt.: ,Alterations of the
kynurenine pathway in patients with type 1 diabetes
are associated with metabolic control of diabetes”

Kiluk M, Lewkowicz J, Kowalska I, Pawlak D, L.agoda K, Tankiewicz-Kwedlo A. Pol
Arch Intern Med. 2023;133(11):16581. do0i:10.20452/pamw.16581.

7.1.  Grupa badana i metody

7.1.1. Uczestnicy badania

Badaniem zostaty objete 93 osoby. Grupe badang stanowito 50 dorostych uczestnikow
z rozpoznang T1D, rekrutowanych od grudnia 2019 r. do lipca 2022 r. sposrod pacjentow
Kliniki Choréb Wewngtrznych i Choréb Metabolicznych Uniwersytetu Medycznego
w Biatymstoku oraz poradni diabetologicznych w Bialymstoku.

Grupa kontrolna sktadata si¢ z 43 ochotnikow bez dotychczasowego wywiadu chorob
przewlektych, dopasowanych pod wzgledem wieku, ptci oraz wskaznika masy ciata (BMI),
rekrutowanych sposrod pracownikéw Uniwersytetu Medycznego w Biatymstoku oraz
za posrednictwem ogloszen w mediach spotecznosciowych.

Do badania wtgczono uczestnikow w wieku od 20. do 60. roku zycia, z BMI <40 kg/m2.
Kryteriami wykluczajagcymi dla obu grup byly: infekcja przebyta w ciggu ostatniego miesigca,
przyjmowanie lekow przeciwdepresyjnych oraz glikokortykosteroidow, przewlekta choroba
nerek z GFR <60ml/min, aktywna choroba nowotworowa, ci¢zka przewlekta obturacyjna
choroba ptluc, oporne nadci$nienie tg¢tnicze, zaawansowana niewydolno$¢ serca oraz
zaawansowana choroba wiencowa. Kryteria wykluczenia dla grupy z T1D stanowily ponadto
odsetek HbAlc >10% i nowo rozpoznana cukrzyca (<1 miesigca).

Kazdy ochotnik przed przystgpieniem do badania dobrowolnie wyrazil swiadoma
pisemnag zgode na wziecie udzialu w projekcie. Badanie zostalo przeprowadzone zgodnie
z zasadami Deklaracji Helsinskiej, a na jego przeprowadzenie uzyskano zgode Komisji

Bioetycznej Uniwersytetu Medycznego w Biatymstoku (nr R-1-002/641/2019).
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7.1.2. Protokol badania

U kazdego uczestnika przeprowadzono badanie podmiotowe, przedmiotowe, wykonano
pomiary antropometryczne oraz analiz¢ sktadu ciala. Obwod talii mierzono w potowie
odlegtosci miedzy tukiem zebrowym a kolcem biodrowym przednim goérnym, a obwod bioder
na poziomie kretarzy kosci udowej. Na podstawie wykonanych pomiaréw obliczono wskaznik
BMI (masa ciala [kg]/ wzrost [m]?) oraz wskaznik WHR (obwdd talii [cm]/obwéd bioder [cm]).
Do analizy skladu ciata wykorzystano metode impedancji bioelektrycznej za pomoca
urzadzenia InBody 570 (InBody Co., Ltd., CA, USA). Pomiary ci$nienia te¢tniczego Krwi

wykonywano w pozycji siedzacej na lewym ramieniu pod koniec badania fizykalnego.

U wszystkich uczestnikdw pobrano krew zylng celem oceny stezen lipidow, kreatyniny,
TSH oraz CRP w surowicy, a takze mocz. U pacjentow z cukrzyca pobrano réwniez Krew celem
oznaczenia odsetka HbAlc, a u 18 z nich dodatkowo przeprowadzono test z glukagonem,
podajac dozylnie 1 mg glukagonu i oceniajac stezenie peptydu C w surowicy przed podaniem
oraz 6 minut po podaniu glukagonu w celu oszacowania rezerwy wewnatrzwydzielniczej

trzustki.

Ponadto osoby z T1D ocenione zostaly pod katem wystepowania przewlektych
powiktan cukrzycy, m.in. w kierunku cukrzycowej choroby nerek za pomoca wskaznika

albumina/kreatynina (ACR) oraz w kierunku neuropatii cukrzycowej.

7.1.3. Opracowanie materialu oraz metody oznaczen

Krew do badan laboratoryjnych zostata pobrana w godzinach porannych, na czczo,
co najmniej 8 godzin od ostatniego positku, natomiast mocz pobierany byl ze srodkowego
strumienia z pierwszej porannej probki. W celu uzyskania surowicy przeznaczonej do oceny
stezen TRP 1 jego metabolitow, probki krwi zostaty pobrane na 3,18% cytrynian sodu,
anastgpnie wirowane przez 15 minut z predkoscia 3500 rpm w temperaturze 4°C

oraz przechowywane w temperaturze -80°C do momentu wykonania oznaczen.
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Ocena stezen parametrow biochemicznych w surowicy

Do oznaczenia parametrow biochemicznych w surowicy zastosowano metody
diagnostyczne rutynowo wykorzystywane w diagnostyce klinicznej. Stezenie glukozy oceniano
metoda enzymatyczng z uzyciem heksokinazy (Alinity ci-series, Abbot GmbH &Co. KG, IL,
USA). Odsetek HbAlc oznaczany byt za pomoca wysokosprawnej chromatografii cieczowe;j
(HPLC) (D-10 Instrumentation, Bio-Rad, CA, USA). Stezenia cholesterolu catkowitego,
lipoprotein o wysokiej gestosci (HDL), triglicerydow (TG), a takze stezenia Kreatyniny,
mierzono metodg enzymatyczng (Alinity ci-series, Abbot GmbH &Co. KG, IL, USA). Stezenie
lipoprotein o niskiej gestosci (LDL) obliczono za pomocg wzoru Friedewalda [34]. Stezenia C-
peptydu oznaczano metoda fotometryczng, stezenie biatka C-reaktywnego (CRP) metoda
turbidymetryczna, a stezenie hormonu tyreotropowego (TSH) metoda
chemiluminescencyjnego testu immunologicznego z uzyciem mikroczastek, wykonywanego na
aparacie Alinity ci-series (Abbot GmbH &Co. KG, IL, USA). Wskaznik ACR w moczu

oceniano za pomoca automatycznego analizatora (Cobas Integra 400 plus, Roche, Szwajcaria).

Ocena stezen metabolitow szlaku kinureninowego w surowicy

Oceng stezen metabolitow KP w surowicy krwi zylnej przeprowadzono przy uzyciu
HPLC z detekcja elektrochemiczng (ECD) wedlug metody opisanej przez Herve i wsp. [35].
Wszystkie probki byty badane jednoczesnie.

System chromatograficzny sktadat si¢ z pompy Agillent serit HP 1050 1 kolumny
Waters Spherisorb S3 ODS2 150x2,1 mm (USA). Stezenia KYN i TRP mierzono za pomoca
detektora UV serii HP 1050, strumien z kolumny monitorowano przy dlugosci fali 365 nm.
Faza ruchoma skladata si¢ z 0,1M kwasu octowego, 0,IM octanu amonu (pH 4,65)

zawierajacego 2% acetonitrylu i byta pompowana z predkoscia 0,25 ml/min.

Do oceny stezen 3-HKYN postuzono si¢ detektorem elektrochemicznym HP 1049A.
Potencjat elektrody roboczej wynosit 0,6 V. Faza ruchoma sktadata si¢ z 0,1M trietyloaminy,
0,1M kwasu fosforowego, 0,3mM EDTA, 8,2mM soli sodowej kwasu heptano-1-sulfonowego,

zawierata 2% acetonitrylu i byta pompowana z szybkoscia 0,25 ml/min.
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Stezenia AA oznaczano za pomoca detektora fluorescencyjnego HP 1046A. Diugos¢
fali wzbudzenia i emisji ustawiono na 320/420 nm. Faza ruchoma sktadata si¢ z 50mM kwasu
octowego, 0,25M octanu cynku (pH-4,9), zawierata 1,2% acetonitrylu i byta pompowana

z predkosciag 0,25 ml/min.

7.1.4. Analiza statystyczna

Analize  statystyczng uzyskanych wynikow przeprowadzono za pomocy
oprogramowania Statistica 13.0 (StatSoft, OK, USA) oraz GraphPad Prism 9.0.0 (GraphPad
Software, CA, USA). Rozklad zmiennych analizowano przy uzyciu testu Shapiro-Wilka.
Ze wzgledu na brak normalnego rozktadu danych, zastosowano testy nieparametryczne,
a wszystkie warto$ci przedstawiono jako mediang i rozstep miedzykwartylowy. Porownanie
miedzy grupami wykonano za pomocg testu Manna-Whitney’a oraz chi-kwadrat. Zalezno$§¢
pomiedzy zmiennymi w grupie oséb z T1D oceniono za pomocg analizy wspodtczynnika
korelacji Spearmana oraz wieloczynnikowej regresji logistycznej. Za poziom istotno$ci

statystycznej przyjeto wartos$¢ p <0,05.

7.2.  Wyniki

Grupe badang stanowily 24 kobiety (48%) 1 26 mezczyzn (52%) w wieku 20-60 lat
z mediang czasu trwania cukrzycy 9 lat (IQR: 2-18). Grupa kontrolna sktadata si¢ z 22 kobiet
(51%) 1 21 mezczyzn (49%) dobranych pod wzgledem wieku, ptci oraz BML

Szczegolowa charakterystyke kliniczng 1 biochemiczng badanych grup przedstawiono

w Tabeli S1 (str. 35 niniejszej rozprawy).

Wszyscy uczestnicy z T1D otrzymywali analogi insuliny. 34 pacjentow byto leczonych
w schemacie intensywnej insulinoterapii metoda wielokrotnych wstrzyknie¢ (MDI), a 16 za
pomoca osobistej pompy insulinowej (OPI). Osoby z TID i przewlektymi powiktaniami
stosowaty inhibitor konwertazy angiotensyny (n=6), statyne (n=8) oraz antagoniste receptora
B-adrenergicznego (n=9). Ponadto 7 pacjentéw przyjmowato metforming o przedtuzonym

uwalnianiu, a 6 lewotyroksyng. Osoby z grupy kontrolnej nie otrzymywaty zadnych lekow.
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Pacjenci z T1D charakteryzowali si¢ wyzszym st¢zeniem glukozy na czczo, szybsza
czynno$cig serca (HR) oraz wicksza filtracja kigbuszkowa GFR (odpowiednio p<0,001;
p=0,004; p=0,019) (Tabela S1 na str. 35 niniejszej rozprawy).

Stezenia TRP, KYN i 3-HKYN w surowicy byly wyzsze w grupie oséb z T1D
W porownaniu z osobami zdrowymi (odpowiednio p<0,0001; p=0,003; p<0,0002), podczas gdy
stezenia AA byly istotnie nizsze (p=0,003) (Ryc. 1 na str. 32 niniejszej rozprawy).

Aby ocenié, czy istnieja roznice pomiedzy stezeniami poszczegdlnych metabolitow KP
w zaleznos$ci od schematu stosowanej insulinoterapii, osoby z T1D podzielono na podgrupy.
Grupa pacjentow leczonych w schemacie MDI wykazywatla si¢ istotnie wyzszym odsetkiem
HbA1c (p=0,039) oraz nizszym stezeniem AA (p=0,013) w poréwnaniu z osobami leczonymi
za pomocg OPI. Nie stwierdzono r6znic w dobowej dawce insuliny (p=0,223) pomig¢dzy
podgrupami (Tabela 1).

Tabela 1. Porownanie stezen poszczegolnych metabolitow szlaku kinureninowego, HbAlc oraz

dobowej dawki insulin w zaleznosci od schematu insulinoterapii w grupie 0sob z cukrzycq typu

1.

MDI OP P

TRP (uM) 47,65 (40,68-54,61) 455 (38,57-54,21) 0,607
KYN (uM) 2,32 (2,01-2,93) 231 (1,81-2,95) 0,413
AA (NM) 27,57 (23,95-40,86) 38,93 (35,23-49,74) 0,013

3-HKYN (nM) 27,02 (22,39-37,41) 31,31 (27,76-39,48) 0,413

3-HAA (nM) 59,96 (42,45-70,75) 61,32 (51,89-75,47) 0,279
HbA1c (%) 7,85 (6,95-9,4) 7.1 (6,5-7,3) 0,039
DDI (j/24h) 29,5 (20,00-47,00) 40,00 (34-46,3) 0,094

DDI (j/kg/24h) 0,479 (0,266-0,43) 0,55 (0,47-0,62) 0,223

AA — kwas antranilowy ,HbA 1c — hemoglobina glikowana, KYN — kinurenina, KYNA — kwas kinureninowy, MDI —
intensywna insulinoterapia w schemacie wielokrotnych wstrzyknig¢, OPI — osobista pompa insulinowa, TRP —
tryptofan, 3-HKYN — kwas 3-hydroksykinurenowy. Wartosci zapisane pogrubiong czcionkq oznaczajg roznice

istotne statystycznie.
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Ponadto w grupie badanej, uczestnicy z HbAlc >7% (n=33), niezaleznie od sposobu
podawania insuliny, wykazywali wyzsze stezenia KYN (Me: 2,614 uM (IQR 2,037-3,00),
p=0,011) w poréwnaniu do 0séb z HbAlc <7% (Me: 1,998 uM (IQR 1,807-2,306)).

Do oceny aktywnosci enzymow bioracych udziat w przebiegu KP, wykorzystano
proporcje produkt/substrat. Wykazano, iz wskazniki KYN/TRP (odzwierciedlajacy aktywnos¢
IDO/TDO) oraz AA/KYN (odzwierciedlajacy aktywno$¢ kinureninazy) byly nizsze w grupie
T1D w pordéwnaniu do grupy kontrolnej (odpowiednio p=0,005; p=0,041).

Po uzyskaniu wynikow $wiadczacych o nasileniu przemian TRP szlakiem
Kinureninowym w T1D, w nastepnym etapie analiz oceniano wystepowanie korelacji pomiedzy
stezeniami metabolitow KP, a parametrami antropometrycznymi, biochemicznymi oraz czasem

trwania cukrzycy.

Wykazano wystgpowanie dodatnich korelacji pomigdzy stezeniem TRP, a BMI
(R=0,324, p=0,022), masa tkanki thuszczowej (R=0,343, p=0,030), stopniem otytosci (R=0,329,
p=0,038), poziomem tluszczu trzewnego (R=0,35, p=0,027) oraz stezeniem TG (R=0,362,
p=0,016). Natomiast zaobserwowano negatywna korelacje st¢zenia HDL ze st¢zeniem TRP

(R=-0,4, p=0,007). Dane zostaty przedstawione na rycinie nr 2 (Ryc. 2).
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BMI — indeks masy ciata, TG — triglicerydy, TRP — tryptofan

Ryc. 2. Korelacje pomiedzy stezeniami tryptofanu, a (A) BMI (B), masq tkanki tuszczowej, (C)
Stopniem otytosci, (D) poziomem Huszczu trzewnego oraz (E) stezeniem triglicerydow W grupie
0s0b z cukrzycg typu 1.

21



Dodatnie korelacje stwierdzono takze pomiedzy stezeniem KYN, a HbAlc (R=0,422,
p=0,002), czasem trwania cukrzycy (R=0,343, p=0,015) oraz stezeniem TG (R=0,348,
p=0,021). Ponadto dodatnia korelacja wystgpita pomiedzy stezeniem AA, a st¢zeniem peptydu
C w 6-ej minucie testu z glukagonem (R=0,72; p=0,005). Zaobserwowano ujemng zalezno$¢
pomiedzy stezeniem AA a WHR (R=-0,43; p=0,006) (Ryc. 3).
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AA — kwas antranilowy, HbAIc — hemoglobina glikowana, KYN — kinurenina, TG — triglicerydy, WHR — wskaznik
talia/biodra

Ryc. 3. Korelacje pomiedzy stezeniami kinureniny, a (4) odsetkiem HbAlc, (B) czasem trwania
cukrzycy, (C) stezeniem triglicerydow oraz pomiedzy stezeniami kwasu antranilowego, a (D)
stezeniem C-peptydu W 6-¢j minucie testu z glukagonem oraz (E) wskaznikiem talia/biodra W
grupie 0sob z cukrzycq typu 1.

Aby zbada¢ wplyw parametrow wyrownania metabolicznego cukrzycy na stezenia
metabolitow TRP, przeprowadzono analize wieloczynnikowej regresji liniowe;].
Uwzglednionymi zmiennymi byly HbAlc, HDL oraz czas trwania cukrzycy. Za potencjalne
czynniki zaktdcajace uznano BMI, wiek i GFR. Stezenie KYN pozostato zalezne od HbAlc,
stezenia HDL i czasu trwania cukrzycy (B=0,178, 95% CI: 0,03;0,326; B=-0,014, 95% CI: -
0,027;-0,002; B=0,043, 95% CI: 0. 015;0,71), podczas gdy st¢zenia TRP byly zwigzane z BMI
i HDL (B=0,937, 95% CI: 0,038;1,836; B=-0,234, 95% CI: -0,423;-0,046). Dane zostaty

przedstawione w Tabeli S2 na str. 36 niniejszej rozprawy.
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8. Nieopublikowane dane wlaczone do rozprawy doktorskiej

W kolejnym etapie badan, w celu dokonania kompleksowej analizy zaburzen KP
w cukrzycy typu 1, ocenione zostaty stezenia metabolitow KP w moczu za pomocg HPLC
(metodyka oznaczen opisana zostata w podrozdziale 7.1.3. na stronie 19 niniejszej rozprawy)
Wyniki oznaczen wykonanych w moczu znormalizowano wzglgdem stezenia kreatyniny

W moczu oznaczonej za pomocg komercyjnego zestawu ELISA.

Nastepnie, aby oceni¢ wplyw wyrdwnania metabolicznego cukrzycy, przeanalizowano
réznice pomiedzy stezeniami metabolitow KP w moczu, pomiedzy pacjentami spetniajacymi
kryteria wyréwnania cukrzycy (HbAlc <7%, n=17), niewyréwnang cukrzyca (HbAlc >7%,
n=33) oraz grupg kontrolng (n=43) za pomoca testu Kruskala-Wallisa z testem post-hoc Dunna.
Szczegotowa charakterystyke grupy badanej i1 kontrolnej przedstawiono w Rozdziale 7.1.
Pozostala analiza statystyczna zostata przeprowadzona za pomoca testow opisanych

w Podrozdziale 7.1.4.

WYNIKI

W moczu 0s6b z T1D zaobserwowano istotnie wyzsze stezenie KYN (p<0,0001) oraz
wskaznik KYN/TRP (p<0,0001), a takze istotnie nizsze st¢zenia 3-HKYN oraz AA (p=0,0055;
p<0,0001) w porownaniu z grupg kontrolng (Ryc. 4) Korelacje pomigdzy stezeniami kinurenin
W moczu a parametrami wyrownania metabolicznego cukrzycy (HbAlc, stgzeniem lipidow) i

czasem trwania cukrzycy w grupie badanej nie wykazaty istotnych statystycznie zaleznoSci.
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AA — kwas antranilowy, KON — grupa kontrolna, KYN — kinurenina TRP — tryptofan, T1D — cukrzyca typu 1, 3-
HKYN — kwas 3-hydroksykinurenowy

Ryc. 4. Porownanie stezen (A) tryptofanu, (B) kinureniny, (C) 3-hydroksykinureniny, (D) kwasu
antranilowego oraz (E) wskaznika kinurenina/tryptofan w moczu w grupie kontrolnej i grupie
0s0b z cukrzycq typu 1. Statystyka zostata wykonana za pomocq testu Mann-Whitney a.

Poréwnujac grupe pacjentoéw z dobrag kontrola metaboliczng cukrzycy (HbA1c<7%),
z grupa kontrolng, stwierdzono istotnie wyzsze wartosci KYN 1 wskaznika KYN/TRP
(»<0,0001; p<0,0001), zarazem wykazujgc istotnie nizsze st¢zenia AA (p=0,000).

Ponadto w grupie z niedostateczng kontrolg metaboliczng cukrzycy (HbA1c>7%)
obserwowano istotnie wyzsze stezenia KYN oraz wskaznik KYN/TRP (p<0,0001; p<0,0001),
a takze istotnie nizsze stezenia AA 1 3-HKYN (p=0,0003; p<0,0001) w porownaniu do grupy
kontrolnej. W poréwnaniu do pacjentow z HbA1c<7% wykazano nizsze ste¢zenia TRP
(p=0,048). Podsumowanie najwazniejszych odchylen KP u 0s6b z T1D zaobserwowanych

w niniejszych badaniach zaprezentowano na rycinie nr 5 (Ryc. 5).
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AA — kwas antranilowy, KYN — kinurenina TRP — tryptofan, 3-HKYN — kwas 3-hydroksykinurenowy

Ryc. 5. Podsumowanie najwazniejszych odchylen szlaku kinureninowego obserwowanych
u osob z cukrzycg typu 1 w porownaniu do osob zdrowych. Ilustracja stworzona za pomocq
Biorender.com.

DYSKUSJA

Wyniki badan przedstawionych w rozprawie doktorskiej wskazuja na istnienie zwigzku
pomigdzy cukrzyca typu 1 a nadmierng aktywacja szlaku kinureninowego, prowadzacg do
akumulacji 3-HKYN oraz niedoboru AA. Stezenia KYN zaréwno w surowicy, jak i w moczu
byty istotnie wyzsze w grupie oséb z cukrzyca. Zaobserwowano takze korelacje pomigdzy
stezeniami poszczegolnych metabolitow w surowicy, a parametrami antropometrycznymi (BMI
1 TRP; AA 1 WHR) oraz parametrami odzwierciedlajagcymi przebieg i wyroOwnanie cukrzycy
(KYN, AA). Pacjenci z niedostateczng kontrolg metaboliczng cukrzycy charakteryzowali si¢
wyzszymi stezeniami KYN w surowicy oraz TRP w moczu w poréwnaniu do pacjentow z dobra

kontrolag metaboliczng cukrzycy.

Podwyzszone stezenia TRP w surowicy, obserwowane w niniejszych badaniach, moga
wynika¢ zar6wno ze zwigkszonej podazy tego aminokwasu w diecie cukrzycowej, jak rowniez

z zaburzen mikrobioty jelitowe] zaangazowanej w modulacje metabolizmu TRP [36,37].

Dane literaturowe wskazuja, iz ekspresja genow oraz aktywno$¢ enzymow
odpowiedzialnych za przebieg KP w TID moze by¢ zaburzona [38]. Jednym
z patomechanizméw odpowiedzialnych za to zjawisko jest stres oksydacyjny powodowany

przez hiperglikemig, ktory prowadzi do nadprodukcji reaktywnych form tlenu oraz wielu
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cytokin prozapalnych, majacych bezposredni wplyw na nadmierng aktywacje¢ KP oraz
kumulacj¢ poszczegélnych metabolitow w ustroju, zwlaszcza KYN [39,40]. Przemawiajg
za tym wyniki badan dotyczace pacjentow chorujacych na COVID-19. Stezenia KYN w moczu
tych pacjentow byly istotnie wyzsze w poréwnaniu do grupy kontrolnej, a takze dodatnio
korelowaty z cigzkoscig przebiegu choroby, co wskazuje na istotny udziat cytokin prozapalnych
w nasileniu tworzenia KYN [41]. Jak wynika z badan metabolomicznych, w przebiegu T1D
(niezaleznie od jej wyrdéwnania) obserwowane s3 takze wyzsze st¢zenia kortyzolu, jego
pochodnych oraz aldosteronu, co wigzane jest z niedoborem endogennej insuliny [42,43].
Hormony te zaangazowane s3 w proces zapalny oraz rozwdj dysfunkcji $rodbtonka
naczyniowego, a ich podwyzszone stezenie w T1D moze stanowi¢ kolejny mechanizm, poza

hiperglikemia, prowadzacy do aktywacji KP.

Bardzo interesujaca obserwacja niniejszej pracy jest prawie 10-krotnie wyzsze stezenie
KYN w moczu w grupie os6b z cukrzyca w porownaniu do grupy kontrolnej, niezaleznie
od kontroli metabolicznej cukrzycy, przy rownocze$nie istotnie nizszych stezeniach
pozostatych metabolitow szlaku (AA oraz 3-HKYN). W badaniach metabolomicznych
przeprowadzonych w populacji dzieci z T1D rowniez wykazano tak znamiennie wyzsze
stezenia KYN w moczu [42]. Wydalanie KYN przez nerki $cisle zalezy od jej stezenia w
ustroju. W warunkach fizjologicznych, zwiazek ten podlega prawie 100% reabsorpcji w
kanalikach nerkowych. Jednakze, gdy jego stezenie wzrasta, KYN jest w duzym stopniu
eliminowana droga nerkowa [44]. Mechanizm ten moze wyjasnia¢ tak znaczne rdznice
pomigdzy stezeniami KYN w moczu oséb zdrowych 1 pacjentow z T1D. Nie mozna takze
wykluczy¢ wplywu hiperfiltracji  klebuszkowej, obserwowanej wsrod oséb z T1D, na

nadmierne wydalanie KYN.

Podczas, gdy KYN w kanalikach nerkowych jest reabsorbowana, 3-HKYN podlega
sekrecji. W badaniach dotyczacych farmakokinetyki metabolitéw TRP wykazano, iz najwyzsze
wydalanie 3-HKYN obserwowane byto przy niskich stezeniach tego zwigzku w surowicy [44].
Moze to wyjasnia¢ przyczyng istotnie nizszych stgzen 3-HKYN w moczu oséb z T1D, przy
wyzszych stezeniach tego zwigzku w surowicy w porownaniu do grupy kontrolnej,

zaobserwowane w obecnych badaniach.

Wyniki te sugeruja, iz droga nerkowa stanowi jeden z waznych punktow regulacji stgzen
kinurenin w warunkach fizjologicznych, ktora w czasie patologii nie spetnia swoich funkcji.

Moze wige stanowi¢ potencjalny cel modyfikacji farmakologiczne;.
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Jednoczeénie zwraca uwage, ze w obecnych badaniach stopien wyrdéwnania
metabolicznego cukrzycy mial wplyw na st¢zenia TRP w moczu oraz st¢zenia KYN
w surowicy. Sugeruje to, iz zaburzenia metaboliczne u 0s6b z cukrzyca majg wptyw przede
wszystkim na pierwszy etap przebiegu KP. Stezenia AA oraz 3-HKYN zar6wno w surowicy
jak i w moczu, nie wykazywaty r6éznic pomigdzy grupami z dobrg i ztg kontrolg metaboliczng
cukrzycy. Pokazuje to, iz $rednia warto$¢ HbAlc, nie jest w tym przypadku czynnikiem
majacym znaczacy wplyw na ich stezenia, pomimo iz istotnie r6znig si¢ w porownaniu
do grupy kontrolnej. Pomimo braku réznic w ste¢zeniach AA pomiedzy tymi grupami, nalezy
podkresli¢, iz metabolit ten moze odgrywaé wazng role w przebiegu T1D. Stgzenia AA dodatnio
korelowatly z rezerwa wewnatrzwydzielniczg trzustki, a jego wyzsze stezenia zwigzane byly z

lepsza kontrolg metaboliczng cukrzycy.

Wyniki dotychczasowych badan nie odpowiadaja jednoznacznie na pytanie, czy zaburzenia
szlaku kinureninowego biorg udziat w rozwoju, a takze maja wptyw na przebieg T1D, czy sa
jedynie konsekwencja nieprawidlowego metabolizmu glukozy. Natomiast dane wskazuja
na dwukierunkowg zalezno$¢. Zrozumienie mechanizmow lezacych u podioza, opisanych
zaburzen metabolicznych w przebiegu cukrzycy typu 1, wymaga jeszcze wielu badan, lecz
w przysztosci moze przyczyni¢ si¢ do zidentyfikowania obiecujacych celow interwencji

terapeutycznej, a w konsekwencji do powstania nowych strategii leczenia cukrzycy typu 1.

OGRANICZENIA BADANIA

Istotnym ograniczeniem przeprowadzonych badan byta stosunkowo mata liczebnos¢ obu
grup. Ponadto uczestnicy nie wypetiali kwestionariusza zywieniowego, co nie pozwolito

na oceng spozycia tryptofanu.
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9. Whioski

1. W cukrzycy typu 1 dochodzi do zaburzen przebiegu szlaku kinureninowego.

2. Niedostateczna kontrola metaboliczna cukrzycy typu 1, niezaleznie
od stosowanego schematu insulinoterapii, ma zwigzek 2z zaburzeniami

metabolizmu tryptofanu szklakiem kinureninowym.

3. Przesunigcie metabolizmu TRP w kierunku zwigkszonego tworzenia
3-hydroksykinureniny, przy jednoczesnym obnizeniu stezen  kwasu
antranilowego, moze wigza¢ si¢ z wigkszym ryzykiem rozwoju przewlektych

powiktan cukrzycy u 0sob z cukrzyca typu 1.
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10. Kopie publikacji wchodzacych w sklad rozprawy doktorskiej
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Introduction  Type 1 diabetes mellitus (T1D) is
an autoimmune disease, in which the progres-
sive destruction of pancreatic B cells by autore-
active T cells leads to endogenous insulin defi-
ciency that causes hyperglycemia.'

In recent years, there has been a gradual in-
crease in the incidence of T1D and type 2 dia-
betes (T2D).%? In 2040, the number of T1D cas-
es is predicted to reach 13.5 to 17.4 million, in-
creasing the incidence by 60% to 107%, as com-
pared with 2021." Diabetes has become a grow-
ing health problem, mainly due to macro- and
microvascular complications, which are the most
common causes of excess morbidity and mortal-
ity in the diabetic population, regardless of rap-
id technologic progress allowing for better met-
abolic control.*

Defects in the immune response mechanisms
play an important role in the pathogenesis of
T1D.° Concomitantly, prolonged inflammation
activates numerous metabolic pathways, such as
the kynurenine pathway (KP), leading to the pro-
duction of nicotinamide adenine dinucleotide.
This metabolic route is the major pathway of
tryptophan (TRP) catabolism, leading to the for-
mation of many bioactive metabolites, name-
ly kynurenine (KYN), kynurenic acid (KYNA),
3-hydroxykynurenine (3-HKYN), anthranilic acid
(AA), and 3-hydroxyanthranilic acid.’ Published
data indicate that TRP metabolites are related to
obesity, T2D, atherosclerosis, and hypertension.®
However, the data regarding TRP metabolism in
T1D patients are limited.

The first stable metabolite of TRP is KYN,
formed via enzymatic degradation by indole-
amine 2,3-dioxygenase (IDO) and tryptophan
2,3-dioxygenase (TDO). It has been shown that

KYN directly affects normal rat pancreatic islets,
increasing insulin secretion during their stimula-
tion with glucose.” Moreover, KYN may enhance
helper T-cell apoptotic activity and regulatory
T-cell immunosuppressive activity, thus exhibit-
ing immunomodulatory properties.®

Another metabolite, AA, is a compound de-
rived from KYN by kynureninase. In physiologi-
cal conditions, AA inhibits 3-hydroxyanthranilic
acid dioxygenase, thus reducing the production
of quinolinic acid (QA).® AA derivatives have al-
ready been studied as potential antidiabetic drugs.
The potential mechanisms of action of AA deriv-
atives, leading to the reduction of blood glucose
levels, are related to the inhibitory activity against
a-glucosidase and glycogen phosphorylase.®

Another compound originating from KYN via
the action of kynurenine-3-monooxygenase is
3-HKYN. It was demonstrated that 3-HKYN in-
hibits leucine-stimulated insulin release from
B cells, and shows a positive association with gly-
cated hemoglobin (HbA, ) levels and impaired glu-
cose tolerance."” Furthermore, 3-HKYN is a pre-
cursor of neurotoxins, such as QA and xanth-
urenic acid (XA).

This case-control study aimed to evaluate se-
rum TRP, KYN, 3-HKYN, and AA concentrations
in the patients with T1D, and to assess the rela-
tionship between the tested compounds and met-
abolic parameters.

Patients and methods ~ Study participants The study
group comprised 50 adult participants previous-
ly diagnosed with T1D, recruited from September
2019 to July 2022 from among the patients of
the Department of Internal Medicine and Metabol-
ic Diseases at the Medical University of Bialystok
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and diabetology outpatient clinics. The control
group consisted of 43 healthy volunteers, simi-
lar in age and body mass index (BMI) to the study
group, recruited from among the employees of
the Medical University of Bialystok and through
media advertisements. The participants between
20 and 60 years of age, with BMI below 40 kg/m?,
were enrolled in the study. The exclusion criteria
for both groups included T2D, infection in the past
month, taking antidepressants, chronic kidney dis-
ease with glomerular filtration rate (GFR) below
60 ml/min/1.73 m?, active malignancy, resistant
hypertension, advanced heart failure, and advanced
coronary artery disease. The exclusion criteria for
the T1D group included HbA, _level above 10% and
newly diagnosed diabetes (less than a month be-
fore the study). Each volunteer gave their written
informed consent for participation in the study.
The study protocol was approved by the Ethics
Committee of the Medical University of Bialystok
(R-1-002/641/2019). The research was performed
in compliance with the Declaration of Helsinki.

Study protocol  The participants underwent phys-
ical examination with anthropometric measure-
ments. Waist circumference was obtained mid-
way between the lower costal margin and the ili-
ac crest. Hip circumference was measured at the
maximum circumference at the level of the fem-
oral trochanters. BMI and waist-hip-ratio (WHR)
were calculated from the measurements. The bio-
electrical impedance method was used to analyze
the body composition (InBody 570, InBody Co.,
Ltd., Cerritos, California, United States). The de-
gree of obesity was calculated using the formu-
la: (current weight/standard weight) x100. In
the T1D patients (n = 18), the glucagon test was
conducted by intravenously administering 1 mg of
glucagon, and assessing serum C-peptide concen-
tration before and at 6 minutes after the admin-
istration to estimate residual insulin secretion.

Blood sampling and assays Laboratory analyses
were performed after overnight fast. The hexoki-
nase method measured plasma glucose concen-
trations (Alinity ci-series, Abbott GmbH & Co.
KG, Green Oaks, Illinois, United States). HbA,
level was assessed with high-performance lig-
uid chromatography (HPLC) (D-10 Instrumenta-
tion, Bio-Rad, Hercules, California, United States).
Concentrations of serum total cholesterol, high-
-density lipoprotein cholesterol (HDL), triglyc-
erides (TG), and creatinine were measured using
the enzymatic method, C-peptide concentrations
were assessed using the photometric method, and
C-reactive protein concentrations using the tur-
bidimetric method (Alinity ci-series).

The assessment of serum levels of KP metab-
olites was performed by HPLC, using the meth-
odology outlined by Pawlak et al."’

Statistical analysis  Statistical analyses were car-
ried out using Statistica 13 software (StatSoft,
Tulsa, Oklahoma, United States) and GraphPad
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Prism version 9.0.0 (GraphPad Software, Boston,
California, United States). The variables were test-
ed for normal distribution using the Shapiro-Wilk
test. The data were presented as medians and in-
terquartile ranges (IQRs). The T1D and the control
group were compared using the Mann-Whitney
test and the X? test. The relationships between
the variables were studied using the Spearman
correlation coefficient and multivariable linear
regression analysis. The results were considered
significant if P value was below 0.05.

The clinical and biochemical character-
istics of the study participants are presented in
Supplementary material, Table S1. All patients
with T1D received insulin, of which 34 were treat-
ed with multiple daily injections (MDIs), and 16
with continuous subcutaneous insulin infusion
(CSII). The patients with T1D and chronic com-
plications received appropriate treatment with
angiotensin-converting enzyme inhibitor (6 in-
dividuals), statin (8 individuals), and B-blocker (9
individuals). In addition, 7 patients were treated
with extended-release metformin, and 6 with le-
vothyroxine. The patients in the control group did
not receive any medications.

Results

Tryptophan metabolism in the serum of patients with
type 1 diabetes Concentrations of serum TRP,
KYN, and 3-HKYN were higher in the T1D group
than in the controls, while AA levels were low-
er (FIGURE 1).

To assess the possible differences between
KYN concentrations depending on the mode of
insulin administration, the patients with T1D
were divided into subgroups. The group treat-
ed with MDIs had higher HbA, levels (P = 0.04)
and lower AA levels (P = 0.01) than the patients
treated with CSII, while there were no differenc-
es in daily insulin dose (P = 0.22) or the levels of
other KYN metabolites between the groups. Ad-
ditionally, in the whole T1D group, the partici-
pants with HbA, level exceeding 7% (n = 33; irre-
spectively of the mode of insulin administration)
had higher median KYN concentrations in com-
parison with those with HbA, levels equal to or
below 7% (2.614 uM [IQR, 2.037-3] vs 1.998 uM
[IQR, 1.807-2.306]; P = 0.01).

Additionally, a product-to-substrate ratio was
used to assess the involvement of specific enzyme
systems in the synthesis of individual compounds.
Thus, the KYN/TRP ratio reflects IDO and TDO
activity, and the AA/KYN ratio reflect kynureni-
nase activity. KYN/TRP and AA/KYN ratios were
lower in the T1D group (P = 0.005 and P <0.001,
respectively) (FIGURE 1).

Correlations between tryptophan metabolites, anthro-
pometric and biochemical parameters, and diabetes
duration in the type 1 diabetes group Serum TRP
levels positively correlated with BMI (R = 0.324;
P =0.02), body fat mass (R = 0.34; P = 0.03), de-
gree of obesity (R = 0.33; P = 0.04), visceral fat
level (R = 0.35; P = 0.03), and TG concentrations

31



“ 80

60

TRP, mM
&

20

B =

100

AA, nM

50

KYN/TRP ratio

FIGURE 1

P <0.001 g .
1

1 .
.ia

P =10.03

e

0
Con T1D Con TID
P =0.003 n 100 P <0.001
- 80
Z w0 —
2
<
T 40
—] o
ITI }%{ 20 —
0 ——
Con T1ID Con T1D
n 80 P <0.001
P—0005
60 —r—
—o— 2
[
=
< 40
|:| =
<
| l 20
0 v x
Con T1D Con TID

Concentrations of tryptophan (A), kynurenine (B), anthranilic acid (C), 3-hydroxykynurenine (D), and kynurenine / tryptophan ratio (E) and

anthranilic acid/kynurenine ratio (F) in the control group and the type 1 diabetes group. The boxes represent interqurtile ranges, the line in the middle
of each box represents median, and the whiskers represent maximum and minimum values. P values were derived from the Mann—Whitney test.
Abbreviations: 3-HKYN, 3-hydroxykynurenine; AA, anthranilic acid; Con, control group; KYN, kynurenine; T1D, type 1 diabetes; TRP, tryptophan

(R=0.362; P=0.02). In contrast, a negative cor-
relation with HDL level was observed (R = -0.4;
P=0.007).

Positive correlations were found between KYN
concentration and HbA, (R =0.42; P=0.002), di-
abetes duration (R = 0.34; P = 0.02), and TG con-
centrations (R = 0.35; P = 0.02). A positive corre-
lation occurred between AA levels and those of
C-peptide assessed 6 minutes after glucagon in-
jection (R = 0.72; P = 0.005). A negative relation-
ship was observed between AA concentration and
WHR (R = -0.43; P = 0.006).

To investigate the effects of the parameters re-
lated to diabetes on KP metabolites, multivariable

linear regression was performed. The included vari-
ables were HbA, , HDL, and diabetes duration. BMI,
age, and GFR were added as potential confounders.
HbA, , HDL, and diabetes duration were associat-
ed with KYN concentrations (B = 0.178; 95% CI,
0.03-0.326; B =-0.014; 95% CI,-0.027 to -0.002;
B =0.043; 95% CI, 0.015-0.71, respectively), while
BMI and HDL were associated with TRP concentra-
tions (B = 0.937; 95% CI, 0.038-1.836; B =-0.234;
95% CI, -0.423 to —0.046, respectively) (Supple-
mentary material, Table S2).

Discussion The alterations in downstream KP
metabolite concentrations in T1D patients have
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been investigated in very few studies, which
showed conflicting results. The main finding of
our study was identification of a specific shift in
the KP metabolism toward excessive formation
of 3-HKYN with parallel reduction in AA forma-
tion in the T1D group. Interestingly, higher AA
concentrations but lower KYN concentrations
were observed in the patients with better meta-
bolic control of diabetes.

T1D patients and healthy controls did not dif-
fer in terms of sex, age, BMI, and blood pressure.
This confirms the validity of the results, and indi-
cates a relationship between activation of the KP
and T1D. However, at this stage of research, it is
unknown whether TRP metabolites are involved
in the pathogenesis of diabetes or are a conse-
quence of the disease.

Tryptophan TRP is an exogenous amino acid,
and its serum concentration mainly reflects di-
etary habits. There are only 3 studies that as-
sessed TRP concentrations in T1D patients. De-
creased TRP concentrations were observed in pa-
tients with diabetic ketoacidosis,'? and in those
with poor metabolic control of diabetes.'® On
the other hand, Oxenkrug et al'* showed high-
er TRP concentrations in individuals with T1D.
In our study, we observed an increase in TRP
concentrations in the T1D group. It cannot be
ruled out that this is due to dietary recommen-
dations for patients with T1D, which include
many products rich in TRP. Moreover, TRP con-
centrations correlated positively with the param-
eters reflecting visceral obesity, TG concentra-
tions, and BMI in the T1D group, despite nor-
mal BMI in these patients. Interestingly, such
correlations were not observed in the control
group (data not shown). Multivariate regres-
sion analysis showed that TRP concentrations
were most influenced by BMI and HDL levels in
the T1D group. Our results are consistent with
the published data® showing an association be-
tween higher TRP concentrations and the diag-
nostic criteria for metabolic syndrome.

Kynurenine Increased KYN levels in the T1D
group, as compared with controls, has been ob-
served. Moreover, a strong positive correlation be-
tween KYN concentrations and HbA, and TG lev-
els was shown. Higher KYN concentrations were
associated with worse metabolic control of diabe-
tes and appeared to increase with the duration of
diabetes, irrespective of age, BMI, or GFR. This
may be due to increased formation of advanced
glycation end-products in T1D patients with poor
glycemic control.”® This leads to overproduction of
reactive oxygen species and release of proinflam-
matory cytokines. The increase in proinflammato-
ry cytokines, such as interleukin (IL)-1, IL-6, and
interferon-y, stimulates IDO activity in many or-
gans and peripheral tissues, leading to enhanced
KYN synthesis.’ The observed serum concentra-
tions of KYN could also result from higher plas-
ma TRP concentrations.
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The serum KYN concentration depends on its
synthesis, glomerular filtration, and metabolic
transformations. Higher plasma KYN concen-
trations were associated with higher albumin-
uria in the T1D population.'® Diabetic nephrop-
athy, which is a common complication of diabe-
tes and aggravates with the duration of the dis-
ease, leads to impaired renal excretion of vari-
ous metabolites.

Indirect evaluation of KP enzyme activities
showed a decrease in the activity of IDO, TDO,
and kynureninase. IDO is involved in the mech-
anisms of acquired peripheral immune tolerance.
Clinical trials showed a decrease in IDO-1 expres-
sion in B cells and peripheral blood mononuclear
cells of T1D patients."” It was also demonstrat-
ed that the duration of T1D positively correlated
with the degree of IDO activity loss.” Giircii et al'?
examined the concentrations of TRP, KYN, and
KYN/TRP ratio in the serum of T1D patients and
showed their lower concentrations and nonal-
tered ratio in comparison with controls. How-
ever, the study group consisted of patients with
higher HbA, and shorter duration of diabetes
than ours, which might explain these differences.
Another study comparing the TRP catabolism in
the patients with T1D and diabetic neuropathic
pain (DNP) (n = 13) and individuals without neu-
ropathy (n = 8) reported higher KYN/TRP ratio
and a positive correlation with pain severity in
the DNP group.'® The patients in the DNP group
presented 40% higher serum interferon-y levels
than those in the control group, which can indi-
cate a coexisting inflammatory process in diabet-
ic neuropathy. In our study, there were no signif-
icant differences in serum concentrations of all
KP metabolites in the patients with and without
diabetic complications, which might be explained
by the limited number of cases with complica-
tions (n = 13; 26%).

Anthranilic acid  Our research revealed a signif-
icant decrease in AA concentrations in the T1D
patients in comparison with the control group. It
also demonstrated a positive correlation of this
metabolite with the pancreatic endocrine reserve
and a negative correlation with the WHR value.
In contrast, Oxenkrug et al'’ showed higher AA
concentration in T1D patients than in healthy in-
dividuals, and suggested it might be considered
a biomarker of T1D. These discrepancies could
be partially due to a different size of the study
populations, as the abovementioned study as-
sessed a group of 15 T1D patients. Additional-
ly, a lack of a detailed description of the study
group, such as the age of the participants, BMI,
duration of diabetes, and diabetes metabolic con-
trol parameters, could affect the results, making
it difficult to compare with other studies. Fur-
thermore, in the group of patients treated with
MDIs and characterized by worse metabolic con-
trol of diabetes, we observed lower AA levels than
in the CSII-treated group, while there were no
differences in the concentration of other KYNs.
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Hoffman et al'? showed an interesting pattern of
changes in KP metabolite concentrations during
ketoacidosis in a cohort of adolescents with T1D,
as they compared KYN concentrations at 3 time
points. At the time of the T1D diagnosis accom-
panied by high glucose values, lower concentra-
tions of TRP, KYN, QA, and XA were observed.
In contrast, AA concentrations were the highest
at the beginning of the ketoacidosis, and were
decreasing over time. These results suggest that
AA may be a compound with antidiabetic prop-
erties, and its decrease may reflect the metabol-
ic control of diabetes.

3-Hydroxykynurenine 3-HKYN has not yet been
well studied in T1D. However, studies conducted
in patients with T2D have shown elevated levels
of 3-HKYN, and their positive correlation with im-
paired glucose tolerance, which is also observed in
T1D, especially of long duration.'®?® Similarly, we
observed higher serum concentrations of 3-HKYN
in the patients with T1D than in the controls.

Study limitations  An important limitation of this
study was the small number of participants. Ad-
ditionally, the lack of serum KYNA, XA, and QA
concentrations made it difficult to assess chang-
es in all KP metabolites in T1D. We also did not
conduct a nutritional questionnaire, so we did
not obtain information on TRP consumption.

Conclusions  Upregulation of the KP increases
degradation of TRP with simultaneous changes
in serum levels of several metabolites in T1D pa-
tients. Our findings suggest an impairment of
the protective mechanisms through a decreased
formation of AA, and an unfavorable change in
the KYN transformation toward enhanced syn-
thesis of 3-HKYN, and further formation of its
neurotoxic metabolites, such as QA and XA, which
may contribute to developing diabetic complica-
tions in the patients with T1D.
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Table S1 Baseline characteristics of patients without diabetes (control group) and subjects with

type 1 diabetes.

Control group (n=43) T1D (n=50) P
Age, years 40 (28-44) 34.5 (30-51) 0.05
Gender, female/male 22/21 24/26 0.76
BMI, kg/m? 25.5 (23.21-27.4) 24.05 (21.5-26.1) 0.05
WHR 0.876 (0.85-0.91) 0.853 (0.796-0.904) 0.27
Degree of obesity, %
(current weight/ standard 118 (107.0-129.0) 111.5 (97.0-125.0) 0.09
weight) x 100
Visceral fat level 11 (7-13) 8.5 (6.0-11.5) 0.12
Body fat mass, kg 22.25 (17.3-29.0) 18.7 (13.2-26.3) 0.08
HR, beats/minute 64.5 (58-75) 75 (69-86) 0.004
Diabetes duration,
- 9 (2-18)
years
Daily insulin dose,
- 37.25 (25-46.3)
units/24h
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Table S2 The results of multivariable linear regression analysis in the type 1 diabetes group.

Independent N TRE
variables B P 95% C1 B P 95% C1
BMI, kg/m? -0.003 0.91 -0.062:0.556 0.937 0.04 0.038:1.836
Age, years -0.014 0.15 -0.341; 0.006 0.051 0.74 -0.252;0.354
GFR, ml/min 0.007 0.08 -0.001:0.015 0.059 0.33 -0.062;0.18
HDL, mg/dL. | -0.014 0.02 -0.027;-0.002 -0.234 0.02 -0.423:-0.046
HbAlc, % 0.178 0.02 0.03; 0.326 0.853 0.45 -1.409;3.116
Diabetes
0.043 0.003 0.015;0.71 0.214 0.31 -0.21;0.637
duration, years
Adjusted R? 0.35 0.22

Kynurenine and tryptophan were used as a dependent variable.

Abbreviations: BMI, body mass index; CI, confidence interval; GFR, glomerular filtration rate;

HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; KYN, kynurenine; T1D, type 1

diabetes; TRP, tryptophan.
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Abstract: Scientific interest in tryptophan metabolism via the kynurenine pathway (KP) has increased
in the last decades. Describing its metabolites helped to increase their roles in many diseases and
disturbances, many of a pro-inflammatory nature. It has become increasingly evident that KP can be
considered an important part of emerging mediators of diabetes mellitus and metabolic syndrome
(MS), mostly stemming from chronic systemic low-grade inflammation resulting in the aggravation
of cardiovascular complications. An electronic literature search of PubMed and Embase up to
March 2021 was performed for papers reporting the effects of tryptophan (TRP), kynurenine (KYN),
kynurenic acid (KYNA), xanthurenic acid (XA), anthranilic acid (AA), and quinolinic acid (QA),
focusing on their roles in carbohydrate metabolism and the cardiovascular system. In this review,
we discussed the progress in tryptophan metabolism via KP research, focusing particular attention
on the roles in carbohydrate metabolism and its complications in the cardiovascular system. We
examined the association between KP and diabetes mellitus type 2 (T2D), diabetes mellitus type 1
(T1D), and cardiovascular diseases (CVD). We concluded that tryptophan metabolism via KP serves
as a potential diagnostic tool in assessing cardiometabolic risk for patients with T2D.

Keywords: kynurenine pathway; diabetes mellitus type 2; diabetes mellitus type 1; cardiovascular
system; review

1. Introduction

Tryptophan (TRP) is an essential exogenous amino acid that intermediates in human
protein synthesis and has critical metabolic functions as a substrate for crucial molecules such
as serotonin—(the neurotransmitter), nicotinamide adenine dinucleotide (NAD), and nicotinic
acid [1]. TRP has been the object of numerous research because of its metabolism in a series of
bioactive metabolites with the ability to influence many metabolic pathways of numerous cells
in mammalian species. The kynurenine pathway (KP) is the hub of metabolism of peripheral
TRP (95%) in humans and animals [2]. Additionally, it has been found that the KP plays an
important part in several factors, such as immune activation, inflammation, and oxidative
stress, which are associated with a variety of metabolic diseases [3].

Diabetes (Diabetes Mellitus—DM) is a heterogeneous group of chronic metabolic
disorders that in combination result in hyperglycemia [4]. In data provided by the Interna-
tional Diabetes Federation, in 2019 approximately 463 million adults between 20-79 years
(9.3%) had diabetes. It is forecast that in 2045, this number will rise to 700 million (10.9%).
In 2019, 374 million people (7.5%) were estimated to be living with impaired glucose toler-
ance (IGT), which is a direct risk factor for developing diabetes. Furthermore, only in 2019,
diabetes caused 4.2 million deaths and is one of the top ten leading causes of death [5], and
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DM represents by itself a major risk factor for cardiovascular events, which are the key
cause of mortality in DM.

It has been increasingly evident that KP may be involved in the etiology of many
chronic metabolic diseases, such as diabetes, metabolic syndrome, and atherosclerosis,
which are well-known risk factors of cardiovascular diseases and increased mortality. A
recently published review summarizes the role of KP in metabolic disorders including
aging, atherosclerosis, obesity and diabetes [6]. The present literature review aims to
provide an overview of the current findings of the involvement of kynurenine pathway
metabolites in the pathogenesis of carbohydrate metabolism disorders and its associations
with cardiovascular complications of diabetes.

Special emphasis was placed on presenting findings from either experimental and
clinical studies on the role of particular KP downstream derivatives in carbohydrate
metabolism. Moreover, a concise summary of the recent knowledge about KP alteration
observed in atherosclerosis, heart failure and chronic artery disease is provided.

Tryptophan Metabolism via the Kynurenine Pathway

KP is the major TRP metabolic route in mammals. Many active metabolites, which are
essential for the functioning of the organism, are produced through this pathway, resulting in
NAD'’s biosynthesis. Under physiological conditions, KP is found in almost all mammalian
tissues, but mainly in the liver. The process begins when TRP, an exogenous amino acid,
is converted to unstable N-formylo-L-kynurenine. This step is catalyzed by two indepen-
dent enzymes belonging to the oxidoreductase family: tryptophan 2,3-dioxygenase (TDO)
and indoleamine 2,3-dioxygenase (IDO) [7]. Then, N-formylo-L-kynurenine is turned into
L-kynurenine (KYN) by the action of formaminidase enzyme. At this point, KYN can be
converted into three different compounds by three enzymes: (1) kynurenine aminotranferase
(KAT), which transaminates to kynurenic acid (KYNA); (2) hydrolyzed to anthranilic acid (AA)
by kynureninase A; (3) hydroxylated to 3-hydroxykynurenine (3-HKYN) by kynurenine hy-
droxylase (KMO) [2]. Usually, the majority of kynurenine is converted to 3-HKYN and then con-
verted to xanthurenic acid (XA) by kynurenine aminotransferase and to 3-hydroxyanthranilic
acid (3-HAA) by kynureninase. This last compound is further converted to quinolinic acid (QA)
by nonenzymic cyclization and contributes to the production of nicotinamide mononucleotide
(NMN) and nicotinamide adenine dinucleotide (NAD), which plays a major role in redox
reactions as a crucial cofactor and is significant in energy homeostasis. Figure 1 presents steps
of the kynurenine pathway with marked alterations observed in serum during T2D and T1D
(described in further sections).

I " | Alteration of KP in T1ID

Chronic stress,
chronicinllaniaion

INFa 16, 112,

(- ¢

Figure 1. Schematic illustration of the kynurenine pathway (KP), including its serum alteration
in type 1 diabetes (T1D) and type 2 diabetes (T2D). Dysregulation of KP in T1D was marked in
red. Alterations of TRP catabolism along KP in T2D were marked in dark blue. Alterations of TRP
catabolism along KP in T2D and T1D were marked in both red and dark blue. KYNase: kynureninase;
3-HAO: 3-Hydroxyanthranilic Acid Dioxygenase; P5P: Pyridoxal-5-Phosphate.
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2. Methods

This review summarizes clinical and experimental studies on the role of KP metabo-
lites in diabetes and cardiometabolic risk factors (such as cardiovascular diseases, heart
failure, and atherosclerosis). We conducted a comprehensive search of PubMed and Em-
base electronic databases retrieving the articles published between 1975 and 2020. The

" ou " ou

search included the terms “kynurenine pathway”, “tryptophan metabolism”, “indoleamine
2,3-dioxygenase”, “kynurenic acid”, “xanthurenic acid”, “3-hydroxykynurenine”, “3-
hydroxyanthranilic acid” and “quinolinic acid” in combination with at least one of the fol-

" ou ”"ou

lowing: “diabetes type 2", “diabetes type 1”, “metabolic syndrome”, “obesity”, “coronary

i s s

artery disease”, “heart failure”, “endothelium dysfunction”, “atherosclerosis”, “clinical
study”, “in vitro”, “in vivo” and “experimental study”. We also searched references of
the retrieved articles to locate other potentially eligible studies. After the initial analysis
of the results, duplicate records, papers on neurodegenerative diseases, kidney diseases,
bone metabolism, and cancers were removed. The studies analyzing the molecular back-
ground of the kynurenine pathway’s role in carbohydrate metabolism, its association with
cardiovascular dysfunction, and the possible role of KP metabolites as biomarkers have
been summarized.

3. Relevance of Tryptophan and Its Metabolites in Carbohydrate Metabolism

In recent years, a growing body of research-based data has indicated that tryptophan
and KP metabolites are involved in alterations of carbohydrate metabolism.

In a study carried out as a part of the Shanghai Diabetes Study (SHDS), it was ob-
served that serum TRP levels were significantly higher in patients who developed type 2
diabetes (T2D) in a 10-year follow-up compared to subjects who remained metabolically
healthy. It was also observed that individuals with higher TRP levels presented more
advanced insulin resistance (IR) and higher insulin secretion, elevated blood pressure, and
triglyceride concentrations. The authors concluded that TRP can be regarded as a new
marker associated with the risk of diabetes development in the Chinese population [8].

In turn, Yu E. et al. studied the associations of baseline and 1-year changes of these
metabolites of TRP via KP with type 2 diabetes (T2D) incidence. They demonstrated that
levels of baseline TRP, and after a follow-up period, increases in quinolinic acid (QA), were
positively associated with the incidence of T2D. It was also shown during this observation
that changes in TRP metabolites predicted alterations in HOMA-IR [9]. Furthermore, it was
confirmed that TRP metabolism may be altered in patients with DM; and by measuring
its metabolites, they showed lower levels of TRP in patients with DM than in nondiabetic
subjects, which suggests that TRP metabolism may be accelerated. They showed that
TRP appears to be more degraded by the KP when plasma TRP levels are high in DM.
However, in patients with low TRP levels, the transformations through the serotonin
pathway were intensified [10].

Changes in KP were also confirmed in a study of pregnant women in whom a sig-
nificant increase in the urine concentration of most TRP metabolites was associated with
gestational diabetes (GDM) in comparison to 34 healthy controls at every stage of preg-
nancy [11]. In this study, no correlation was found in maternal plasma levels of TRP and
its metabolites between the groups of subjects. Interestingly, it was shown that the KP was
activated before placental hormones or the fetoplacental unit could have produced any
physiological effect.

In the other data conducted among 2519 individuals with coronary artery disease
(CAD) without diabetes at baseline who were observed for a median of 7.6 years, plasma
and urine kynurenine: tryptophan ratio (KTR) were evaluated. During the follow-up in
173 subjects (6.9%) a new incidence of T2D was identified. The urine KTR showed a strong
positive association with incident type 2 diabetes. However, plasma levels of TRP and KP
metabolites seemed to be similar to those in controls without T2D [12].

Experimental models help to understand the changes observed in humans. In animal
studies, TRP was shown to regulate insulin and incretin hormones. Furthermore, it was
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observed that the addition of TRP to glucose load reduces glucose levels, probably by
utilizing glucose via a glucose-mediated insulinotropic polypeptide [13]. A confirmation of
these observations is the study by Lin et al., which showed that TRP stimulates the release
of insulin from the islets of wild-type control (WT) mice in a dose-dependent manner in the
presence of 11.1 mM glucose [14]. Besides, TRP activated the GPR142 receptor belonging
to Gag-coupled receptors with a role that has not yet been fully discovered. However, in
the mouse model, GPR142 was confirmed to be a key mediator of TRP activity in insulin
secretion [14]. It was proven that oral dosing of TRP inhibited peak glucose in WT mice
during the intraperitoneal glucose tolerance test (IPGTT) and oral glucose tolerance test
(OGTT) as well as rapidly and dose-dependent increased insulin, GIP, and GLP-1 plasma
levels, all reaching maximum concentration 5-10 min after TRP administration [14].

Different observations were made in studies performed on non-obese and non-insulin-
dependent Goto-Kakizaki (GK) diabetic rats fed a high TRP diet. On day 14 of the experi-
ment, incremental blood glucose levels observed over 2 h (AAUC0-2 h) in rats fed a 3%
and 5% TRP diet decreased by 13% and 18%, respectively, compared to GK control rats.
However, no significant differences were found in the rats fed the TRP diet compared to the
GK control rats. On day 28 of the experiment, there were no significant differences in the
AUCO0-2h blood glucose levels in any group, including the GK control group [15]. Further-
more, oral TRP supplementation to hereditary T2D rats helped to maintain proper glucose
and insulin levels after oral glucose administration. What is interesting is that long-term
feeding with tryptophan-enriched chow delayed the onset and progression of diabetes in
this rat model. The probable mechanism that explains this phenomenon is the protective ef-
fect (of added TRP) from the exhaustion of pancreatic 3-cells. Furthermore, it was reported
that TRP itself can reduce the absorption of glucose from the small intestine [16] and a lack
of this amino acid in the diet caused (reversible) a decreased tolerance to glucose [17]. The
observation that TRP inhibits hepatic glucose production in the rat model, whereas in the
liver of guinea pigs, TRP does not have any effect on gluconeogenesis, is noteworthy [18].
On the other hand, there are some data that showed that oral administration of TRP and
its continuous use may not improve blood glucose in type 2 diabetic rats [19] and a diet
highin TRP induces IR in pigs [20]. The discrepancy might be due to different mechanisms
involved in carbohydrate metabolism in different species.

Based on the above reports, it is not possible to unequivocally assume the occurrence
of an increase or decrease in TRP concentration in the course of carbohydrate disorders.
Conducting studies in vivo models (including humans) is required because in vitro studies
indicate that an increase in TRP concentration enhances insulin secretion, which may be
the mechanism leading to IR.

Another issue that may bring new light to understanding the link between TRP
transformation and glucose disorders is the relationship between kynurenines and arylate
hydrocarbon receptors (AhR). The AhR is a ligand-activated nuclear receptor that regulates
the expression of many genes. It is recognized as an important molecule in regulating
immune response, including T-cell differentiation towards Th17 [21], stem cell maintenance,
and cellular differentiation [22-24].

It was known to be activated by exogenous ligands, especially toxins (for ex. 2,3,7,8-
tetrachlorodibenzo-p-dioxin-TCDD), until the KYN was discovered to be the first endoge-
nous ligand [24]. As an agonist of AhR, KYN contributes to modulating the levels of
reactive oxygen species (ROS) [25]. Moreover, AhR activation by KYN can induce IDO 1,
which further promotes a positive feedback loop [26,27]. Recent studies indicate that
KYN acts more like a pro-ligand requiring further “activation” to stimulate AHR. The
authors based their theory on the observation that for this receptor to be activated, the
KYN concentration must be at uM levels, compared with the pM/nM range of other lig-
ands such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and tryptophan photo-metabolite
6-formylindolo [3,2-b] carbazole (FICZ) [28,29]. However, in human plasma, KYN reaches
concentrations in the order of uM.
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The data indicate the involvement of AhR-kynurenine signaling in glucose and lipid
metabolism. Biljes etal. observed higher glucose blood levels in AhR deficient mice [30]. On the
other hand, Dabir et al. discovered for the first time that high glucose stimulation can rapidly
activate AhR in aortic endothelial cells, which activates a potent anti-angiogenic and pro-
atherogenic protein, trombospondin-1, and contributes to diabetic vascular complications [31].

What is interesting is that some human studies showed an association between ex-
posure to AhR agonists (especially TCDD) and an increased risk of developing T2D and
other metabolic disorders like hyperlipidemia or obesity [32,33]. Table 1 summarizes the
most significant findings (in vitro and in vivo) and the effects that support the roles of
kynurenines in carbohydrate metabolism.

3.1. Kynurenine (KYN)

KYN, the endogenous ligand of the aryl hydrocarbon receptor (AhR) transcription
factor, is the first stable TRP metabolite with immunomodulatory properties [28]. It was
shown that a receptor mechanism can promote differentiation of CD4 + effector T cells [34].
Like TRP, KYN easily crosses the blood-brain barrier (BBB) and its concentration in periph-
eral tissues affects brain concentration [7,35]. It was shown that over 60% of the central
KYN amount is derived to the brain from the peripheral circulation [7,29].

KYN undergoes glomerular filtration and almost 100% reabsorption in the renal
tubules at low plasma concentrations. However, when its concentration increases, as it was
demonstrated in patients with T2D [36], KYN is eliminated to a greater extent by the renal
route. This proves the strict regulation of clearance, depending on concentration KYN in
plasma. The concentration of TRP metabolites depends on the supply of this amino acid
in the diet, therefore, to observe its changes, the ratio of kynurenine:tryptophan (KTR) is
used, which provides a more adequate assessment of TRP catabolism than the absolute
concentration of KYN [12].

In patients with type 2 diabetes, the plasma levels of TRP and KYN were positively
correlated with BMI, which may indicate a relationship between these compounds and
obesity [37]. Acute exercise has been shown to directly affect circulating levels of TRP,
KYN, and KYNA, suggesting that the KP supports the potential mechanism of exercise
benefits to increase resistance to stress-induced depression [12].

It was observed that in patients with T2D one year after bariatric surgery, the levels
of TRP and KYN metabolites decreased significantly and correlated with a decrease in
usCRP [38]. However, there are slightly different reports, although confirming that obesity
was associated with elevated plasma KTR levels, indicating a lack of normalization even
after significant weight loss [12].

Evidence that stimulation of the immune system increases the production of KYN
in diabetes is the result of experimental studies conducted on hepatocytes isolated from
diabetic rats induced by streptozotocin. It was proven that incubation of these cells with
[5-3H] L-TRP enhances the synthesis of KYN and QA [39]. On the other hand, another study
showed that during the perifusion of freshly isolated, normal rat islets with a submaximal
stimulating glucose concentration (11 mM), the addition of 0.1 mM KYN significantly
increased insulin secretion. This demonstrates that not only in hepatocytes, but also in
pancreatic islets, glucolipotoxicity and inflammation may contribute to the activation of the
KP. The modulation of KP in these organs might therefore be considered potential targets
for novel therapies [40].

Taking the above into account, the concentration of KYN as a compound with im-
munomodulatory properties correlates with the degree of stimulation of the immune
system and in many cases, though not always, with the degree of obesity. Undoubtedly,
the high concentration of KYN observed in the course of diabetes contributes to the release
of insulin.
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3.2. Kynurenic Acid (KYNA)

Despite the fact that the literature about the exact impact of KP on carbohydrate
regulation under physiological conditions is sparse, the available data indicate that KYNA
can increase glycemia by autonomic regulation, while inhibiting proinsulin synthesis [41].
This compound is classified as an N-methyl-D-aspartate (NMDA) receptor antagonist. The
literature data indicate that compounds with this mechanism of action have antidiabetic
properties that increase the function and survival of beta cells [42]. Additionally, literature
data show that antagonists of NMDA receptors inhibit glucose production induced by
NMDA agonists injected into the vagal dorsal nerve complex in rodents. Moreover, it
has pro-oxidizing properties [43]. Furthermore, KYNA is a compound that activates the
Gpr35 (G protein-coupled receptor). According to recent reports, this mechanism enhances
metabolism in adipose tissue and leads to diminishing weight gain in animals fed a high-fat
diet and improving glucose tolerance [44].

The serum concentrations of both KYN and KYNA were higher in proliferative di-
abetic retinopathy (PDR) patients when compared to non-proliferative (NPDR) patients,
pointing to the potential contribution of both of these compounds to the pathogenesis of
diabetic retinopathy [45]. Interestingly, changes in KP metabolite concentrations can also
be observed not only in urine and serum, but also in the saliva of diabetic patients. One
study showed significantly elevated KYN and KYNA concentrations in patients with the
earlier diagnosed complication of diabetes in the form of gingivitis and periodontitis [46].
Accelerated TRP metabolism can be linked with changes in the oral microorganism profile
and chronic inflammation in the periodontal pocket observed in the course of especially
hypertensive T2D patients [47]. Experimental studies showed that in the course of diabetes
there is an increase in the urinary excretion of KYNA [48]. Moreover, it was observed
that KYNA, like XA, preferentially inhibits proinsulin synthesis in isolated rat pancreatic
islets [41]. KYNA belongs to the NMDA receptor antagonists. Literature data show that an-
tagonists of these receptors inhibit glucose production induced by NMDA agonists injected
into the vagal dorsal nerve complex in rodents [49]. Thus, there are clear indications that
KYNA, by centrally regulating glycemia as well as by inhibiting insulin synthesis, plays an
important role in carbohydrate metabolism, undoubtedly creating conditions conducive to
the impairment of these processes.

3.3. Xanthurenic Acid (XA), 3-hydroxykynurenine (3-HKYN), 3-hydroxyanthranilic Acid
(3-HAA), and Quinolinic Acid (QA)

Increased urinary XA excretion was demonstrated in patients with T2D diabetes
compared to healthy individuals [50]. Besides the elevated expression of IDO and an
increase in the levels of XA, KYN, and 3-HKYN in the serum of patients with diabetic
retinopathy was observed [45]. This observation indicates that TRP metabolites play
a key role and can most likely be involved in the pathogenesis of diabetic retinopathy
by exacerbating oxidative stress. Of all metabolites of the KP, only QA and XA were
significantly associated with improved glucose control in diabetes patients after bariatric
surgery. It was proved that the one-year QA concentration was negatively associated with
the fasting glucose and HbAlc, whereas the XA delta correlated positively with the insulin
sensitivity index [38].

Moreover, other KP metabolites, such as 3-hydroxykynurenine (3-HKYN) and 3-
hydroxyanthranilic acid (3-HAA), inhibit leucine-induced insulin release from pancreatic
islets isolated from rat pancreas [51]. It is also worth mentioning that one of the first
data examining the connection between KP and T2D proved in vivo in a rat model that
xanthurenic acid (XA) can impair the action of insulin by binding to its circulating fraction
and then the whole complex combines to the anti-insulin serum [52]. In a pre-clinical
study, XA was used as a diabetes inducer in rats [53]. There are four potential mechanisms
responsible for XA pathogenesis. (1) The formation of insulin chelate (XA-In) complexes
having antigenic properties and 49% less activity than pure insulin [53]; (2) The formation
of insulin-Zn ++ complexes in 3 cells that are toxic to isolated pancreatic islets [54,55];

42



J. Clin. Med. 2021, 10, 2484

7 of 20

(3) The inhibition of insulin secretion from rat pancreas [16]; and (4) The initiation of
pancreatic beta-cell apoptosis through a caspase-3-dependent mechanism and destruction
of mitochondria and nuclei [55,56].

QA is an NMDA receptor agonist responsible for excitatory action in CNS [7,43].
However, its presence was also recently proven in pancreatic cells. These receptors re-
duce the amount of insulin secreted by 3 cells in response to stimulating glucose levels.
NMDA receptor deletion in mouse islets was proven to increase glucose-induced plasma
insulin levels and lower blood glucose levels. In inflammation, as well as in the course of
carbohydrate disorders, the death of -cells with NMDAR expression was observed [42].
In the PREDIMED trial, it was observed that the annual increase in QA, like the baseline
TRP, was positively associated with T2D incidence. Besides, both baseline and annual
changes in TRP metabolites predicted changes in HOMA-IR [12]. It was demonstrated in a
further study that after exposure to QA, the serum level of glucose and total cholesterol

was significantly reduced [57].

Table 1. Summary of changes in TRP and its metabolites associated with impaired carbohydrate metabolism and its

influence on carbohydrate metabolism in vitro and animal models.

Kynurenine Pathway Metabolite Effect/Changes Comments References
The non-obese diabetic (NOD) inbred mouse
Across the aging time course increase in the shom ecaplnales 1 automlxne natu.re >
concentration of tryptophan of TIDM, the NOD-E (transgenic NOD mice [48]
: that express the I > E heterodimer of the
major histocompatibility complex II).
Tryptophan stimulates the release of insulin Wild-type control (WT) mice in a
from f cells of the pancreas and incretin dose-dependent manner in the presence of [14]
hormones via GPR142 signaling. 11.1 mM glucose.
TRP Teyptophan deficiency in the diet can Feeding rats for 14 days with TRP deficient
st Ao ehicos s alaiee diet caused worse glucose tolerance, and it [17]
g ) : was reversible after feeding a complete diet.
. . Feeding pigs for 3 weeks with a high (13.2%)
s"llﬁlu‘lzei}:ﬁ :ﬁﬁ:a:e;;::;glet vs. normal (3.4%) TRP large neutral amino [20]
> = : acids (LNAA) diet.
Enhanced TRP disappearance from the
bloodstream in diabetic rats
after a tryptophan load Normal vs. streptozotocin-diabetic rats. [58]
Impaired acute accumulation of TRP in the
diabetic rat brains.
KYN Qﬁ;‘;i:_’;igi‘;;tﬁfm ;‘:;;‘(‘:5 Normal rat islets and the INS-1 Bcell line. [40]
Increase in the concentrations of KYNA y :
observed with the progress of T1D. NOD vs. NOD-E mice. 8
5 . ; Leptin-receptor-deficient Zucker fatty rats
Fi ercent higher concentrations of KYNA Y
ftyh[:: the s‘.erurgx]11 from Zucker fatty rats. (ZFR)(?/ fa) \/tz.(;%e/-?atched (28]
ean ra -).
KYNA
A 1,8 fold increase in the concentration of Normal.vs. P oiyaneously ar.ld natizally
RVNA thmrisiecd TODrionkiusin diabetic nonhuman primate [59]
# (rhesus macaques).
KYNA inhibit the pro-insulin synthesis. Isolatedfaf pancreatic ISIeE.’ KlNauin [41]
millimolar concentrations.
Increases urine excretion of XA as its complex Alloxan- and streptozotocin-induced 1551
with Zn2+. diabetic rats. pou
g e ) Xvinduced diabetic rats (51
XA = =
Inhibits pro-insulin synthesis. Isolated rat pancreatic islets; XA in [41]

millimolar concentrations.

Induces pancreatic 3-cells death.

Damage caused probably via caspase-3
dependent mechanism.

[49]
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Table 1. Cont.

Kynurenine Pathway Metabolite

Effect/Changes Comments References

3-HKYN3-HAA

Inhibit the leucine stimulated release of insulin

i 5
e A At o O kL Isolated pancreas islets from rats. [51]

QA

Inhibitory effect of QA on

phosphoenolpyruvate carboxykinase activity

in diabetic rats; in vivo studies showed that
intraperitoneal injection of 300 mg/kg ™! b.wt. Streptozotocin-induced diabetes in rats;
initiates reduction of blood glucose level in 1 h in vitro studies in rat’s liver.

after injection, restoring the blood glucose to

its normal level at 2 h postinjection and
keeping it constant for at least a further 4 h.

[60]

QA-induced increase of brain glucose uptake
(55%), (14)CO; generation from glucose,
acetate, and citrate was inhibited (up to 60%). Thirty-day-old rats. [61]
QA provokes a mild impairment of brain
energy metabolism in vitro.

STZ-diabetes mellitus causes augmentations of
both KYN and QA generations in the liver,
indicating the possibility that the immune and
neuronal systems of insulin-dependent
diabetes mellitus would be influenced by the
increased amounts of KYN and QA.

Streptozotocin-induced diabetes in rats; the
hepatocytes isolated from the rats were [39]
incubated with [5-3H]L-TRP.

QA expression in the retinas of diabetic rats
could contribute to the neuronal degeneration Streptozotocin-induced diabetes in rats. [62]
that is characteristic of diabetic retinopathy.

4. Tryptophan Metabolism in Type 1 Diabetes Compared to Type 2 Diabetes

Far too little is known about disturbances among down-stream kynurenine/tryptophan
metabolic shunt in patients with T1D (Type 1 Diabetes—T1D). Although there are some limited
but significant data, there are some significant differences between the concentrations of the
individual pathway metabolites between patients with T1D and T2D. T1D is associated with
significantly elevated levels of anthranilic acid (AA), which has not been observed among
patients with T2D in any study yet. Moreover, levels of KYNA and XA are more elevated than
previously reported in patients with T2D and healthy ones. Additionally, decreased KTR has
been observed in T1D. It is suggested that this specific shift of KP, which leads to excessive
production of AA, may be the effect of a vitamin B2 deficiency. Riboflavin is considered to be
a cofactor of the enzymatic transformation of KYN to 3-HKYN. Therefore, as a result of its
deficit, this metabolic route is changed into a KYN-AA formation. What is interesting is that,
in patients with T2D, these alterations of riboflavin serum level have not been observed [63].
These results were in line with the previous study that showed a lack of vitamin B2 in the
majority of patients with T1D, but no deficiency was found in healthy ones [64] [Figure 1].
Furthermore, metabolome research conducted on children with T1D revealed elevated TRP
catabolites (KYN) in the urine [65].

The impaired immune response and inflammation are the key mechanisms mediating
the relationship of TRP transformation via KP and diabetes. IDO (the enzyme catalyzing
the first rate-limiting step in KP) is supposed to be the binding factor, which plays its role
in dendritic cells.

Many studies showed that IDO is responsible for immunoregulatory tryptophan
catabolism. This enzyme is capable of modulating immune cell activation status and
phenotype via several molecular mechanisms [66]. The expression of IDO, especially
in dendritic cells (DC), has a strong immunomodulating effect and it can induce either
immune activation or tolerance depending on the current environmental conditions [67].
DCs are the main antigen-presenting cells, playing an important role in the initiation of
autoimmune diabetes in NOD mice (a prototypic animal’s model for autoimmune T1D) islet
cells [68,69]. In the experimental study, Grohmann U. et al. demonstrated that impaired
expression and activity of IDO in pDCs (plasmacytoid dendritic cells) reveals a poor
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response to IFN-y stimulation (the principal IDO inducer in vitro and in vivo) and impairs
the development of immune tolerance to autoantigens in NOD mice [70]. Additionally,
it was observed that increased IDO expression in both pancreatic lymph nodes and bone
marrow-derived dendritic cells has a protective effect against T1D development [71].
Additionally, Orabona et al. demonstrated that T1D in children was characterized by a
remarkable defect in IDO1 function in sera and peripheral blood mononuclear cells in
comparison with the control group [72].

Another recent study described, for the first time in humans, a defect (significantly
decreased or even absent) of IDO1 expression in pancreatic 3-cells from patients with T1D.
The decreased IDO expression was also observed in donors without a diabetes diagnosis,
but with multiple positive autoantibodies (AAb+). This finding could indicate that loss
of IDO function is present before illness begins (in pre-diabetes of T1D) and could lead to
developing diabetes. These new insights imply the possible IDO-1 involvement in the early
stages of islet dysfunction [73]. It was observed that TRP derivatives may play an important
role in neuronal damage development in T1D. Chmiel-Perzyniska et al. demonstrated
significantly increased hippocampal KYNA concentrations during DM, either untreated or
treated with insulin [74]. Furthermore, experimental data shows that IDO-2 and kynurenine
3-monooxygenase (KMO) are important in neuropathic pain pathology and their inhibition
can effectively reduce neuropathic pain [75]. Elevated IDO and QA can contribute to the
development of diabetic retinopathy characterized by neuronal degeneration, because
their increased expression was observed in both human and rodent retinas [76]. QA is
a well-known excitotoxin, whose chronic excessive production via altered KP results in
neuroinflammation [77].

These observations put a new light on the pathogenesis of T1D and in the future
could contribute to discovering new drugs able to target IDO expression in pancreatic
{-cells. However, the available data suggest that the KP could be involved not only in the
pathogenesis of diabetes, but also in the development of its complications.

5. Tryptophan Metabolism in Type 2 Diabetes

Patients with T2D have higher levels of urine TRP and KYNA. Similar observations
were established in patients with earlier developed diabetic retinopathy [45]. Extensive
research conducted by Meyramov G. et al. revealed that some KP metabolites can form
chelate complexes with insulin, which directly reduces insulin activity by up to 50%.
What is interesting is that, in regular laboratory tests, normal and chelate insulin are
indistinguishable [78]. Moreover, it was proven that under physiological conditions, some
of the TRP/KYN pathway (TKP) genes are constitutively expressed in rat islet cells (TDO2,
KMO, Kase, KAT1-KAT4) [40]. The only exception is transcripts of IDO and ACMSD
(enzyme aminocarboxymuconate-semialdehyde-decarboxylase regulating and limiting the
formation of QA). Changes in the transcript of these genes were observed after exposition
to IFN-y. These findings are in line with previous research that pancreatic islet cells are
also affected by inflammation during obesity and T2D [79].

Several studies on humans confirm that when pancreatic islets are exposed to IFN-y,
increased levels of transcripts encoding IDO were observed following an increase in KYN
concentration [79,80]. This supports the findings and points to a strong contribution of
inflammatory factors in the pathogenesis of type 2 diabetes [81]. Under this condition,
insulin secretion assessed by glucose-induced insulin secretion (GSIS) is impaired, but the
data of Liu et al. reported that it can also be improved by the supply of KYN (to normal
islets) [40]. It could be a probable protective mechanism that is intended to protect the
pancreatic islets from damage caused by the cytotoxic activity of the immune system.

A study carried out on streptozotocin-induced diabetic rats confirmed the involvement
of the KP in the control of glucose-induced insulin secretion and hepatic glucose production
in the state of T2D. TRP, KYN, and KYNA administration significantly increased insulin
secretion from the diabetic isolated pancreas in response to glucose. Furthermore, the
same KP metabolites (TRP, KYN, KYNA) in the case of the absence of glucose, induced
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a glucagon release (the second hormone produced by islet cells, antagonist to insulin). It
was shown that in the hepatic cells of non-diabetic Wistar rats, the supply of TRP and KYN
inhibited hepatic glucose production [82]. This data suggests that TRP transformations
leading to KYNA formation via indirect KYN may be a protective mechanism in diabetes.

On the other hand, it was also established that the transformation of TRP through
the KYN-3-HKYN-XA pathway promotes the formation of metabolites that were more
diabetogenic, described in the literature as the “kynurenine hypothesis of insulin resistance
and its progression to T2D” [83]. Recently published study results fully support the
“hypothesis” that indicates the overproduction of diabetogenic KP metabolites induced by
chronic stress and low-grade chronic inflammation, which is crucial to the mechanisms
promoting the development of T2D [84]. It is postulated that KP metabolites can serve as
T2D biomarkers and future targets for clinical intervention.

Those studies provide a well-supported but intricate interplay between TRP and
its metabolites and the development of T2D. Interestingly, some research has discovered
decreased TRP levels and higher KYN/TRP ratios in pre-diabetes [85,86]. Further work
should be undertaken to explain those differences.

The involvement of KP metabolites in the pathogenesis of diabetes mellitus is pre-
sented in Figure 2.
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Figure 2. The biological behaviors of kynurenine pathway metabolites and their contribution in metabolic syndrome and
T2D. KP appears to be one of the important factors regulating the mechanisms involved in the development of T2DM in the

pre-diabetic state.

6. Linking Cardiovascular Diseases to Diabetes and the Kynurenine Pathway

Many years of research have shown that the probability of death from cardiovascular
diseases (CVD) in patients with carbohydrate metabolism disorders is comparable to that
of people with coronary artery disease (CAD) after myocardial infarction, but without
diabetes [87]. The risk of vascular outcomes, including ischemic stroke, vascular deaths, and
coronary heart disease, is twice as high in patients with diabetes [88]. CVD is responsible
for approximately half of the deaths among patients with T2D, which makes it the leading
cause of mortality in this group [89]. However, the most common primary symptoms of
cardiovascular complications in T2D are heart failure and peripheral vascular disease [90].
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It has been well established that low-grade chronic inflammation, immune activa-
tion, and oxidative stress (SOX) are pivotal factors in the pathogenesis of atherosclerosis
and CVD. Additionally, there is increasing evidence that the KP has drawn considerable
attention to the above-mentioned contributing factor. Accelerated TRP degradation via
the kynurenine pathway occurs during immune system activation [91,92]. Notably, the
contribution of KP’s role in chronic inflammation as a factor of atherosclerosis development
and progression has been well documented [34,93].

The link between the immune system and the kynurenine pathway is INF-y as well as
IL-6 and IL-1 [94,95]. These cytokines have been assigned a crucial role in the induction
of IDO activity. The increase in TRP degradation via the KP has been proven in patients
with confirmed ischemic heart disease [96,97] and atherosclerotic lesions in peripheral
arteries [98]. One of the KP metabolites, 3-hydroxyanthranilic (3-HAA), has been presented
as an immune regulatory compound that plays its role by inhibiting T cell responses and
increasing the number of Tregs [99,100]. Furthermore, some studies imply its significant
role in reducing atherosclerotic lesion size in arteries combined with reduced T-cell driven
vascular inflammation and decreasing plasma lipid levels (especially VLDL, total choles-
terol levels, and TG) [101]. Further investigation conducted by the same study group
confirmed IDO involvement in atherosclerotic plaque formation and vascular inflamma-
tion. The inhibition of IDO contributed to the remarkable aggravation of atherosclerosis in
the aorta by up-regulating VCAM-1, CCL2, and rising CD68 macrophage accumulation in
the lesions [102]. These findings were in agreement with the observations of Cole et al., who
also demonstrated that loss of IDO resulted in decreasing IL-10 production and modulating
plaque composition towards increased macrophage content [98].

A strong positive correlation between IDO activity and neopterin concentration [103],
a marker of inflammatory process activity considered a risk stratification factor for car-
diovascular events in patients with coronary artery disease and the occurrence of left
ventricular dysfunction in patients with angina pectoris, was also observed [104,105].
Moreover, it was proven that vascular endothelial cells can synthesize de novo KYNA
from a bioprecursor such as KYN [106,107]. Another study revealed that KYN can also
be considered a vasoactive compound that plays its role via the sGC-cGMP-dependent
protein kinase pathway [108] in the endothelium and via the activation of the Kv7 channels
(voltage-dependent K(+) channels encoded by the KCNQ gene family) in vascular smooth
muscles [109]. Further investigation recognized another KP metabolite, XA, as a more
efficacious vasodilator than KYN, but the exact molecular mechanism remains unclear and
requires elucidation [110].

This information leads one to consider whether plasma kynurenines can be a new
risk factor for cardiovascular diseases. Moreover, the data suggest a correlation between
early enhanced activation of the KP and poor outcome after post-cardiac arrest shock [111].
Eussen et al. demonstrated that KYN and 3-HKYN are associated with an increased risk of
acute coronary events and suggest that the KYN route is involved in the development of
ischemic heart disease at the initial stages. Furthermore, the results of this large prospective
study show that high plasma KYN and 3-HKYN concentrations are associated with an
increased risk of acute coronary incidents in the elderly population [112]. In patients with
suspected stable angina pectoris, elevated plasma KYN concentrations increase the risk of
acute myocardial infarction [113].

7. Atherosclerosis, Endothelium Dysfunction, and the Pathogenesis of Coronary
Artery Disease

In studies conducted on a mouse model, one of the KP metabolites, 3-HKYN, was
shown to accelerate endothelium apoptosis and as a result its dysfunction by /via NAD(P)H
oxidase up-regulation. This happens because of enhanced superoxide anion production
mediated by this enzyme, which promotes oxidation stress in the cells [114]. On the other
hand, XA which is a KAT-derived metabolite of 3-HKYN was found to possess potent
antioxidant capabilities [115].
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Consequently, the 3-HKYN/XA ratio could be considered an issue reflecting the
disturbed balance between cell apoptosis and antioxidation properties in the endothelium.

Another aspect that requires to be highlighted is the role of 3-HAA in atherogenesis.
It is suggested that 3-HAA plays a role in the control of autoimmunity through a direct
influence on T cells and increased antigen presentation by macrophages and dendritic cells.
In the literature, 3-HAA has been presented as an immune regulatory compound, which
plays its role by inhibiting proinflammatory Th1 and Th2 cells while increasing the number
of Tregs. Research on the autoimmune rodent encephalitis model revealed that 3-HAA
reduced the inflammation triggered by Th17 cells [116]. Another study conducted on a
mouse model of asthma reported that 3-HAA can inhibit NF-kappaB, resulting in the death
of previously activated Th2 cells [99]. 3-HAA has been demonstrated to be a compound
with properties reducing the expression of the vascular cell adhesion molecule (VCAM)-1,
which mediates the adhesion of immunological cells to the vascular endothelium and
plays an important role in atherosclerosis development [117]. Moreover, this compound is
known for decreasing the secretion of monocyte chemoattractant protein (MCP)-1 in the
endothelium, the chemokine responsible for the recruitment of monocytes, T cells, and
dendritic cells to the site of inflammation [118].

Zhang et al. reported a significantly decreased oxLDL uptake by macrophages in
3-HAA-treated mice, showing the direct influence of this compound on macrophages.
Furthermore, they demonstrated that treatment with 3-HAA led to a significant reduction
of CD4+ T cell infiltration in the plaques, increased HDL concentration by stimulating the
expression of ApoAland ABCA1 genes located in the liver, lowered plasma cholesterol and
triglyceride levels, and finally reduced local inflammation in vessels [101]. Interestingly, the
authors suggest that the possible mechanism of 3-HAA’s action on the immune response
of an organism is based on its action on peripheral immune cells rather than its effect
on bone marrow. Cole et al. also confirmed that orally administered 3-HAA (3,4-DAA
3,4-dimethoxycinnamoyl anthranilic acid) contributed to the reduction of vascular inflam-
mation and the size of atherosclerotic plaques [98]. Additionally, the role of quinolinic acid
(QA), a metabolite of 3-HAA, has been emphasized in many studies. It was found that this
metabolite playsa very important role in the dysregulation in the oxidant/antioxidant ratio,
and increases the SOX in two ways: (1) by causing mitochondrial dysfunction activating
NMDA receptors [119] and (2) increasing free radicles formation [120].

7.1. Role of IDO in the Progression of CVD

Two oxygenases (IDO and TDO) involved in the first and the most important reaction
of KP differ in their site of action as well as the factors that activate them. Initially, it
was thought that TDO occurs only in the liver in the cytosolic fraction, but recent studies
indicate its presence in the epididymis, the testis, the placenta, the pregnant uterus, and the
brain [121,122]. The presence of the second enzyme, IDO, was demonstrated in the cytosolic
fraction of extrahepatic tissues like the kidneys, spleen, intestine, brain (especially in the
hypothalamus), placenta, epididymis, endocrine glands, and monocytes. Nowadays, it is
well established that IDO is an important link between the KP and immunoinflammatory
response [123,124]. KP metabolites are commonly referred to as anti-inflammatory particles,
which also possess the ability to affect auto-tolerance mechanisms [125]. IDO expression
takes place in endothelial cells of the vessel wall, the leukocytes present inside them,
and smooth muscle cells. This process is stimulated by proinflammatory cytokines such
as TNF, IFN-y, or LPS. It was confirmed that INF-y, which is a cytokine synthesized
by T lymphocytes, influences the regulation of the atherosclerotic plaque [126]. It is
being suggested that IDO fulfills an atheroprotective role. The research showed that
IDO inhibition using 1-methyl-TRP (1-MT) when given orally resulted in a statistically
relevant increase in VCAM-1 expression in tunica media and increased CD68+ macrophage
infiltration into the intimal part of the arterial wall of Apoe-/- mouse. This process leads
to a relevant increase in the inflammatory process and the consequence of atherosclerotic
plaque development progression. Subsequently, it was verified that IDO repression has
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an upregulating effect on VCAM-1 protein in the SMC cells grown from human coronary
vessels. It was proven that this effect can be reversed using 3-HA A, which was confirmed
in previous studies conducted by those authors [102].

Another way in which IDO may influence the progression of atherosclerotic plaque is
its ability to induce the immunomodulating functions of B lymphocytes. Its action led to
reduced amounts of IL-10 being synthesized by B lymphocytes, which are wildly known
for their protective effect in the progression of atherosclerosis [103]. Furthermore, it was
proven that in the absence of IDO, there is increased infiltration of CD68+ macrophages
and CD4+ T lymphocytes. On top of that, reduced amounts of SMC have been noted in
the atherosclerotic plaque. What is interesting is that a lack of IDO resulted in increased
expression of GATAS (transacting T-cell specific transcription factor 3), which suggests the
facilitation of the Th2 response. The IDO deficiency led to reduced KYN concentrations,
while it did not affect TRP concentrations in both IDO positive and negative subjects [120].

Those observations are in line with the data gathered as part of the Tampere Vascular
Study, in which enhanced expression of IDO was observed in atherosclerotic plaque highly
infiltrated by macrophages [100]. KYNA inhibits the release of TNF and high mobility
group box protein 1 (HMGB1) through monocytes and granulocytes [127].

7.2. The Kynurenine Pathway Links Inflammation, Immune Response to Heart Failure

An important role in the pathogenesis of heart failure (HF) has been assigned to
monocyte-derived macrophages [128]. Their activation stimulates myocardial fibrosis re-
sulting in unfavorable remodeling of the myocardium [129,130], simultaneously inducing
an increased transformation of TRP via the KP. This leads to an accumulation of TRP
metabolites in the heart tissue, which is known for its immunological and oxidative prop-
erties. Additionally, in both experimental studies and clinical trials on individuals with
HE elevated pro-inflammatory cytokines [131], including INF-y, which is well known for
inducing IDO activity, were observed. According to the research conducted by Jones et al.
on human peripheral mononuclear cells (monocytes) treated with INF-y, significant up-
regulation of IDO-1, as well as raised KTR and elevated blood concentration of KYN,
3-HKYN, and QA, were detected, which in contrast did not occur in the INF-stimulated
lymphocytes [132]. KTR is considered to be a marker of the cellular immune response,
which can reflect the activation of monocytes [133]. Lund et al. hypothesized that myocar-
dial fibrosis, which plays a crucial role in HF progression, could be linked to the excess
formation of KP metabolites by activated monocytes [134]. The same study demonstrated
the relationship between the increased concentration of kynurenine pathway metabolites
(3-HKYN, QA, and XA) and increased mortality in patients with heart failure indepen-
dent of coexisting CAD [134]. Another recent study reported an association between
elevated kynurenine plasma levels and increased NT-proBNP about NYHA class. The
severity of CHF correlated with the rate of KYN concentration. Interestingly, KYN (not
NT-proBNP) was shown to be a better prediction factor of death among patients with
previously diagnosed CHF than the well-known CHF biomarker NT-proBNP [135].

Although elevated KYN plasma levels in HF patients are well established, it was shown
that KYN concentration differs significantly among patients with HF depending on the co-
existing complications. In a longitudinal observation study, SICA-HF higher KYN values
among patients with HFrEF were detected in those with coexisting arterial hypertension and
atrial fibrillation as well as in a group with HFpEF in those with ischemic etiology. It was
also observed that having higher KYN concentrations resulted in a higher risk of death [136].
Figure 3 summarizes the role of KP metabolites in cardiovascular complications.
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Figure 3. The involvement of kynurenine pathway metabolites in the pathogenesis of heart failure and coronary artery disease.

8. Possible Avenues for Therapeutic Action and Conclusions

It is now clear that TRP metabolism via the kynurenine pathway has multiple impor-
tant roles in the body, and the increasing research effort in this area is gradually revealing
the intricate derivatives of the kynurenine-mediated interplay between diabetes, metabolic
disorders, and cardiovascular complications. Although many issues remain hazy, in the pre-
sented review of the literature, we outline some potential prospects for therapeutic action.

An impressive amount of data on the reduction of inflammation by some metabolites of
KP is available. It might be conceivable to control IDO activity and the amount of bioavailable
circulating 3-HAA, and hence to modulate low-grade diabetes-induced inflammation.

Alternatively, it might be possible to enhance endogenous KYN, KYNA production to
use their anti-diabetic properties.

Additionally, in T1D, there is some promising suggestion that by restoring IDO
function normoglycemia can be restored (for instance by using IL-6 receptor blockers), as
was suggested by Orabona C. et al. [72]. It cannot be ruled out that kynurenine derivatives
may indirectly become a premise for a completely new concept of diabetes therapy. There
are numerous indications that an in-depth exploration of changes in TRP metabolism
would accelerate our understanding of the pathogenesis and course of diabetes, contribute
to the prevention, early detection, and more effective treatment. The rate at which the
role of KP is being clarified in developing DM and its CVD complications makes it certain
that in the future TRP metabolism can be pivotal to pharmacotherapeutic approaches to
diabetes-induced inflammatory complications in the cardiovascular system.

Understanding the actions of TRP metabolism, as well as the mechanisms regulating
the activity of KP enzymes, is extremely important, but still too incomplete to generate
well-supported therapeutic hypotheses. If this could be achieved, it would undoubtedly
have multiple benefits for personalized and precise diabetes medicine.

Derivatives of the kynurenine pathway (especially KYN, KYNA, XA), because of
their ability to interact with specific receptors (such as AhR, NMDAR, Gpr35) expressed
in tissues relevant for carbohydrate metabolism (pancreas, adipose tissue, liver), can be
considered as modulators of metabolic disorders. Moreover, enhanced IDO expression
is observed in atherosclerotic plaques in vascular inflammation, as well as in B-cells in
diabetes. According to reviewed literature, IDO should be considered as a novel factor
linking diabetes and cardiovascular diseases.
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11. Streszczenie w jezyku polskim

Wstep: Szlak kinureninowy (KP) stanowi gléwng droge przemian tryptofanu (TRP),
aminokwasu egzogennego, prowadzaca do produkcji bioaktywnych metabolitéw m.in.
kinureniny (K'YN), kwasu kinureninowego (KYNA), 3-hydroksykinureniny (3-HKYN), kwasu
antranilowego (AA), 3-hydroksyantranilowego (3-HAA) oraz dinukleotydu
nikotynoamidoadeninowego (NAD+). Wzrost stgzenia 3-HKYN obserwowano u 0sob
z retinopatig cukrzycowa, wykazano takze jego zwiazek z podwyzszonym ryzykiem ostrych
incydentow wiencowych. Natomiast AA jest uznawany za metabolit o wlasciwosciach
przeciwhiperglikemicznych. Dane z piSmiennictwa wskazuja takze, iz w otylosci, cukrzycy
typu 2 (T2D), miazdzycy oraz niewydolnosci serca dochodzi do zaburzen metabolizmu TRP
szlakiem kinureninowym. Jednakze badania uwzgledniajace zmiany metabolizmu TRP

w przebiegu cukrzycy typu 1 (T1D) sg nieliczne.

Cel: Celem niniejszej rozprawy doktorskiej byta ocena stgzen wybranych metabolitow szlaku
kinureninowego w surowicy oraz moczu pacjentéw z T1D w pordwnaniu z osobami zdrowymi,

a takze ocena ich zwigzku z parametrami kontroli metabolicznej cukrzycy.

Grupa badana: Badaniem objetych zostato 50 osob z T1D (24 kobiety/26 mezczyzn) w wieku
20- 60 lat z mediang czasu trwania cukrzycy 9 lat (IQR: 2-18) oraz 43 osoby zdrowe stanowigce

grupe kontrolng (22 kobiety/21 mezczyzn) dobranych pod wzgledem wieku, ptci oraz BMI.

Metody: U wszystkich uczestnikow oceniono parametry antropometryczne. W surowicy krwi
oznaczono stezenie CRP, glukozy, kreatyniny oraz lipidow. Ponadto w grupie uczestnikow
z T1D oceniono odsetek HbAlc oraz funkcje wewnatrzwydzielnicza trzustki za pomoca testu
z glukagonem, a takze wskaznik albumina/kreatynina w moczu. St¢zenia TRP, KYN, 3-HKYN
1 AA w surowicy oraz moczu oszacowano metodg wysokosprawnej chromatografii cieczowej
(HPLC). Wyniki oznaczen wykonanych w moczu znormalizowano wzgledem stezenia

kreatyniny w moczu oznaczonej za pomocg metody ELISA.

Wyniki: W surowicy osob z T1D wykazano wzrost stezenia TRP, KYN 1 3-HKYN (p<0,0001;
p=0,003; p<0,0002) oraz obnizenie stezenia AA (p=0,003) i wartosci stosunku KYN/TRP,
AA/KYN (p=0,005; p=0,041) w porownaniu do grupy kontrolnej. W moczu pacjentow z T1D
zaobserwowano okoto 10-krotny wzrost stezenia KYN (p<0,0001) oraz spadek stezenia 3-
HKYN (p=0,0055) 1 AA (p<0,0001). W grupie osob z niedostatecznie kontrolowang cukrzyca
(HbA1c>7%; n=33) stwierdzono wzrost stezenia KYN w surowicy (p=0,011) oraz spadek
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stezenia TRP w moczu (p=0,048) w poréwnaniu z uczestnikami z HbAlc <7%. Wykazano
takze zalezno$¢ pomigdzy HbAlc i czasem trwania cukrzycy, a stezeniami KYN (R=0,422,
p=0,002; R=0,343; p=0,015), a takze pomiedzy stezeniami AA, a rezerwa
wewnatrzwydzielnicza trzustki (R=0,72, p=0,005). Analiza regresji wieloczynnikowej
wykazata, iz stezenie KYN pozostalo zalezne od HbAlc, stezenia HDL i czasu trwania
cukrzycy (B=0,178, 95% CI: 0,03;0,326; B=-0,014, 95% CI: -0,027;-0,002; B=0,043, 95% ClI:
0,015;0,71), podczas gdy stezenia TRP byty zwigzane z BMI oraz stezeniami HDL (B=0,937,
95% CI: 0,038;1,836; B=-0,234, 95% CI: -0,423;-0,046), po uwzglednieniu BMI, wieku oraz
GFR jako potencjalnych czynnikow zaktocajacych.

Whioski: Niedostateczna kontrola metaboliczna cukrzycy u oséb z TID wigze sie
z zaburzeniami metabolizmu TRP, w szczeg6lnosci obserwowanych w przebiegu pierwszego
etapu KP. Przesunigcie metabolizmu TRP w kierunku zwigkszonego tworzenia 3-HKYN, przy
jednoczesnym obnizeniu stgzen AA, moze wigza¢ si¢ z wigkszym ryzykiem rozwoju
przewlektych powiktan cukrzycy u osob z T1D. Szczegdtowe zrozumienie mechanizmow
lezacych u podstaw opisanych wyzej zaburzen stwarza mozliwo$ci opracowania nowych

strategii terapeutycznych w T1D.
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12. Streszczenie w jezyku angielskim

Introduction: The kynurenine pathway (KP) is the main route of tryptophan (TRP) —
an exogenous amino acid- metabolism. It leads to the production of many bioactive compounds
including kynurenine (KYN), kynurenic acid (KYNA), 3-hydroxykynurenine (3-HKYN),
anthranilic acid (AA), 3-hydroxyanthranilic acid (3-HAA), and nicotinamide adenine
dinucleotide (NAD+). Significantly higher concentrations of 3-HKYN were reported
in patients with diabetic retinopathy, and it has also been shown to be associated with
an increased risk of acute coronary incidents. AA, in contrast, is considered a metabolite
with antihyperglycemic properties. Literature data indicate that TRP metabolism via KP
is impaired in obesity, type 2 diabetes, atherosclerosis and heart failure. However, studies

considering changes in TRP metabolism in type 1 diabetes (T1D) are scarce.

Aim: The purpose of the present dissertation was to evaluate alterations in TRP metabolism via
KP in patients with TID compared to healthy subjects and to assess their association

with metabolic control parameters.

Study group: Anthropometric parameters, serum levels of CRP, glucose, creatinine and lipids
were assessed in all participants. Additionally, in the T1D group, HbAlc and pancreatic
endocrine reserve using the glucagon test were determined, as well as the urine
albumin/creatinine ratio. Concentrations of TRP, KYN, 3-HKYN, and AA in serum and urine
were estimated by high-performance liquid chromatography (HPLC). The results of the urine

assays were normalised against urinary creatinine concentration determined by ELISA.

Methods: In all participants, anthropometric parameters, HbAlc (in the T1D group), serum
levels of CRP, glucose, creatinine and lipids were assessed. Serum and urine concentrations
of TRP, KYN, 3-HKYN, and AA were estimated by high-performance liquid chromatography
(HPLC).

Results: The serum of T1D patients showed an increase in TRP, KYN and 3-HKYN
concentrations (p<0.0001; p=0.003; p<0.0002) and a decrease in AA concentrations (p=0.003),
KYN/TRP, and AA/KYN ratio values (p=0.005; p=0.041) compared to the control group. In
the urine of T1D patients, an approximately 10-fold increase in KYN (p<0.0001) and a decrease
in 3-HKYN (p=0.0055) and AA concentrations (p<0.0001) were observed. Participants with
inadequately controlled diabetes (HbA1c>7%; n=33) showed an increase in serum KYN

concentrations (p=0.011) and a decrease in urinary TRP concentrations (p=0.048) in
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comparison with those with HbAlc <7%. Positive correlations were found between HbAlc,
diabetes duration and KYN concentrations (R=0.422, p=0.002; R=0.343, p=0.015) and between
AA concentrations and pancreatic endocrine reserve (R=0.72, p=0.005). Multivariable logistic
regression analysis revealed the association between KYN concentrations and HbA1C, HDL
concentrations and diabetes duration (B=0.178, 95% CI: 0.03;0.326; B=-0.014, 95% CI: -
0.027;-0.002; B=0.043, 95% CI: 0.015;0.71, respectively), while BMI and HDL were
associated with TRP concentrations (B = 0.937; 95% CI, 0.038-1.836; B = -0.234;95% CI, —
0.423 to —0.046, respectively). BMI, age, and GFR were added as potential confounders.

Conclusions: Poor metabolic control of diabetes is associated with impaired TRP metabolism
in T1D patients, especially observed at the first step of KP. A shift in TRP metabolism toward
the increased formation of 3-HK'YN with a concomitant decrease in AA concentrations, may be
associated with a greater risk of developing chronic diabetic complications in individuals with
T1D. A thorough understanding of the mechanisms underlying the abnormalities described

above offers opportunities to develop new therapeutic strategies in T1D.
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14. Informacje 0

w publikacjach

charakterze

udziatlu

Informacja o charakterze udzialu wspétautoréw w publikacji:

»Alterations of the kynurenine pathway in patients with type 1 diabetes are associated with
metabolic control of diabetes” autoréw: Malgorzaty Kiluk, Janiny Lewkowicz, Iriny
Kowalskiej, Dariusza Pawlaka, Katarzyny ¥.agody, Anny Tankiewicz-Kwedlo opublikowanej
w Polish Archives of Internal Medicine, 2023,;133(11):16581.

i : Procento
Imig i nazwisko : ’ htd
sy lnlons Charakter udziatu wktad
stworzenie koncepcji pracy, rekrutacja
doktorant io racovlj:g:lg:r‘l}v ’cielt;i::;:ur ch,
lek. Malgorzata Kiluk P .. Y SR 64
przygotowanie i zredagowanie manuskryptu,
zatwierdzenie ostatecznej wersji publikacji
dr n. med. Janina ocena merytoryczna pracy, korekta
Lewkowicz manuskryptu 3
prof; dr Falb m, med, ocena merytoryc-zna praf:y, korekta ‘
. manuskryptu, zatwierdzenie ostatecznej 10
Irina Kowalska .. S
wersji publikacji
- ocena stezen metabolitow tryptofar}u meto.dq
: HPLC, ocena merytoryczna, zatwierdzenie 11
Dariusz Pawlak : ” I
ostatecznej wersji publikacji
.med. Ki o . ’
drn. med. Katarzyna pobieranie materiatu do badan 2
Lagoda
T e
stezen m u
Tankiewicz- Kwedlo | ~ ¢ SEE ¢ 10
ocena merytoryczna, korekta manuskryptu,
zatwierdzeniu ostatecznej wersji publikacji

O$wiadczam, ze wszyscy wspotautorzy wyrazili zgode na wykorzystanie powyzszej publikacji
w pracy doktorskiej lek. Matgorzaty Kiluk.

!\W«&o«fm&a HKiluk

Potwierdzam opisany powyzej merytoryczny wkiad kandydata w powstanie publikacji
wchodzacej w skiad rozprawy doktorskiej.
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Biatystok, 21.05.2024r.

Dr n. med. Janina Lewkowicz

Klinika Chor6b Wewnetrznych

i Chor6éb Metabolicznych

Uniwersytet Medyczny w Biatymstoku
ul. M. Sktodowskiej-Curie 24A

15-276 Biatystok

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji: , Alterations of the kynurenine
pathway in patients with type 1 diabetes are associated with metabolic control of diabetes”
autoréw: Malgorzaty Kiluk, Janiny Lewkowicz, Iriny Kowalskiej, Dariusza Pawlaka,
Katarzyny Lagody, Anny Tankiewicz-Kwedlo opublikowanej w Polish Archives of Internal
Medicine, wchodzacej w skiad rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem
kinureninowym u pacjentéw z cukrzycqg typu 1, wynoszacy 3%, polegat na ocenie

merytorycznej pracy oraz korekcie manuskryptu.
Jednoczeénie wyrazam zgode na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w

postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Biatystok, 21.05.2024r.

Prof. dr hab. n. med. Irina Kowalska
Klinika Chor6b Wewngtrznych

i Choréb Metabolicznych

Uniwersytet Medyczny w Biatymstoku
ul. M. Sklodowskiej-Curie 24A
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji: ,, Alterations of the kynurenine
pathway in patients with type 1 diabetes are associated with metabolic control of diabetes™
autoréw: Malgorzaty Kiluk, Janiny Lewkowicz, Iriny Kowalskiej, Dariusza Pawlaka,
Katarzyny Lagody, Anny Tankiewicz-Kwedlo opublikowanej w Polish Archives of Internal
Medicine, wchodzacej w sktad rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem
kinureninowym u pacjentéw z cukrzycq typu 1”, wynoszacy 10%, polegal na ocenie

merytorycznej pracy, korekcie manuskryptu oraz zatwierdzeniu ostatecznej wersji publikacji.
Jednoczesnie wyrazam zgode¢ na wykorzystanie przez lekarz Malgorzatg Kiluk publikacji w

postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

[ ook

66



Biatystok, 21.05.2024r.
Prof. dr hab. n. med. Dariusz Pawlak

Zaklad Farmakodynamiki

Uniwersytet Medyczny w Biatymstoku
ul. Mickiewicza 2C

15-222 Bialystok

Oswiadczenie

Oswiadczam, iz méj udzial w przygotowaniu publikacji: ,, Alterations of the kynurenine
pathway in patients with type 1 diabetes are associated with metabolic control of diabetes”
autorow: Malgorzaty Kiluk, Janiny Lewkowicz, Iriny Kowalskiej, Dariusza Pawlaka,
Katarzyny Lagody, Anny Tankiewicz-Kwedlo opublikowanej w Polish Archives of Internal
Medicine, wchodzacej w sklad rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem
kinureninowym u pacjentow z cukrzycg typu 1”, wynoszacy 11%, polegal na ocenie stezen
metabolitéw tryptofanu, ocenie merytorycznej pracy oraz zatwierdzeniu ostatecznej wersji

publikacji.

Jednoczes$nie wyrazam zgode na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

KIEROWNI

Zakizdu Farmakodyipgaiiki
Ccttze, Cq//
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Biatystok, 21.05.2024r.

Dr n. med. Katarzyna Lagoda

Klinika Chor6b Wewnetrznych

i Choréb Metabolicznych

Uniwersytet Medyczny w Biatymstoku
ul. M. Sktodowskiej-Curie 24A

15-276 Biatystok

Os$wiadczenie

Os$wiadczam, iz méj udzial w przygotowaniu publikacji: ,, Alterations of the kynurenine
pathway in patients with type 1 diabetes are associated with metabolic control of diabetes”
autor6w: Matgorzaty Kiluk, Janiny Lewkowicz, Iriny Kowalskiej, Dariusza Pawlaka,
Katarzyny Lagody, Anny Tankiewicz-Kwedlo opublikowanej w Polish Archives of Internal
Medicine, wchodzacej w skiad rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem
kinureninowym u pacjentéw z cukrzycq typu 1, wynoszacy 2%, polegal na pobieraniu

materiatu do badan.

Jednoczeénie wyrazam zgode na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

\'%\utww&m io«“g)o\;b

dyscyplinie nauki medyczne.
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Biatystok, 21.05.2024r.
Dr hab. Anna Tankiewicz-Kwedlo
Zaktad Farmakodynamiki
Uniwersytet Medyczny w Biatymstoku
ul. Mickiewicza 2C
15-222 Biatystok

Oswiadczenie

Os$wiadczam, iz m6j udzial w przygotowaniu publikacji: ,, Alterations of the kynurenine
pathway in patients with type 1 diabetes are associated with metabolic control of diabetes”
autoréw: Matgorzaty Kiluk, Janiny Lewkowicz, Iriny Kowalskiej, Dariusza Pawlaka,
Katarzyny f.agody, Anny Tankiewicz-Kwedlo opublikowanej w Polish Archives of Internal
Medicine, wchodzacej w sktad rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem
kinureninowym u pacjentéw z cukrzycq typu 17, wynoszacy 10%, polegal na pomocy przy
stworzeniu koncepcji pracy, ocenie stezen metabolitdéw tryptofanu, ocenie merytorycznej,

korekcie manuskryptu oraz zatwierdzeniu ostatecznej wersji publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

ADIUNKT
) Zakladu Farmakodynamiki
Hune Touhiean-Kecleo

dr hab. Anna Tankiewicz-Kwedlo
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Informacja o charakterze udzialn wspétautoréw w publikacii:

»Crosstalk between tryptophan metabolism via kynurenine pathway and carbohydrate
metabolism in the context of cardio-metabolic risk- review” autorow: Matgorzaty Kiluk, Janiny
Lewkowicz, Dariusza Pawlaka, Anny Tankiewicz-Kwedlo, opublikowanej w J Clin Med.

2021;10(11):2484.

Tankiewicz- Kwedlo

.. . Procento
I k : wy
s ’nazw1s © Charakter udziatu wkiad
wspotautora
stworzenie koncepcji pracy, zebranie
doktorant i opracowanie danych literaturowych,
lek. Matgorzata Kiluk | przygotowanie i zredagowanie manuskryptu, 70
zatwierdzenie ostatecznej wersji publikacji
drn. med. Janina ocena merytoryc'zna praf:y, korekta ‘
; manuskryptu, zatwierdzenie ostateczne;j 10
Lewkowicz o o
wersji publikacji
prof. dr hab. n. med. ocena merytoryczna, zatwierdzenie
Dariusz Pawlak ostatecznej wersji publikacji 5
dr hab. a pomoc przy stworzeniu koncepcji pracy,
ocena merytoryczna, korekta manuskryptu, 15

zatwierdzeniu ostatecznej wersji publikacji

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgode na wykorzystanie powyzszej publikacji
w pracy doktorskiej lek. Matgorzaty Kiluk.

Mo.‘tﬁommm a%luﬁv

Potwierdzam opisany powyzej merytoryczny wkiad kandydata w powstanie publikacji
wchodzacej w sktad rozprawy doktorskie;j.

Wéamuz Tomdtiis - KWC&O

70



Biatystok, 21.05.2024r.

Dr n. med. Janina Lewkowicz

Klinika Choréb Wewnetrznych

i Choréb Metabolicznych

Uniwersytet Medyczny w Biatymstoku
ul. M. Sktodowskiej-Curie 24A

15-276 Biatystok

Os$wiadczenie

O$wiadczam, iz moj udzial w przygotowaniu publikacji: ,, Crosstalk between tryptophan
metabolism via kynurenine pathway and carbohydrate metabolism in the context of cardio-
metabolic risk- review” autoréw: Malgorzaty Kiluk, Janiny Lewkowicz, Dariusza Pawlaka,
Anny Tankiewicz-Kwedlo, opublikowanej w Journal of Clinical Medicine, wchodzacej w sktad
rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem kinureninowym u pacjentéw z
cukrzycq typu 17, wynoszacy 10%, polegal na ocenie merytorycznej pracy, korekcie

manuskryptu oraz zatwierdzeniu ostatecznej wersji publikacji.
Jednoczeénie wyrazam zgode na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Biatystok, 21.05.2024r.
Prof. dr hab. n. med. Dariusz Pawlak

Zaktad Farmakodynamiki

Uniwersytet Medyczny w Biatymstoku
ul. Mickiewicza 2C

15-222 Biatystok

O$wiadczenie

Os$wiadczam, iz mdj udzial w przygotowaniu publikacji: ,, Crosstalk between tryptophan
metabolism via kynurenine pathway and carbohydrate metabolism in the context of cardio-
metabolic risk- review” autor6w: Malgorzaty Kiluk, Janiny Lewkowicz, Dariusza Pawlaka,
Anny Tankiewicz-Kwedlo, opublikowanej w Journal of Clinical Medicine, wchodzacej w sktad
rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem kinureninowym u pacjentéw z
cukrzycg typu 1”, wynoszacy 5%, polegal na ocenie merytorycznej pracy oraz zatwierdzeniu

ostatecznej wersji publikacji.

Jednoczes$nie wyrazam zgode na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

XKIEROWNIX
Zakladu Farmakodym,

gy

prof. dr hab. Dariusz Pawlak
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Biatystok, 21.05.2024r.
Dr hab. Anna Tankiewicz-Kwedlo
Zaktad Farmakodynamiki
Uniwersytet Medyczny w Biatymstoku
ul. Mickiewicza 2C
15-222 Biatystok

Oswiadczenie

Os$wiadczam, iz méj udzial w przygotowaniu publikacji: ,, Crosstalk between tryptophan
metabolism via kynurenine pathway and carbohydrate metabolism in the context of cardio-
metabolic risk- review” autor6w: Matgorzaty Kiluk, Janiny Lewkowicz, Dariusza Pawlaka,
Anny Tankiewicz-Kwedlo, opublikowanej w Journal of Clinical Medicine, wchodzacej w sktad
rozprawy doktorskiej ,, Ocena metabolizmu tryptofanu szlakiem kinureninowym u pacjentow z
cukrzycq typu 1”7, wynoszacy 15%, polegal na pomocy przy stworzeniu koncepcji pracy, ocenie

merytorcznej, korekcie manuskryptu oraz zatwierdzeniu ostatecznej wersji publikacji.

Jednoczes$nie wyrazam zgode na wykorzystanie przez lekarz Matgorzate Kiluk publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

ADIUNKT
Zakladu Farmakodynamiki

Do TUIuleer~ Kz lbo

dr hab. Anna Tankiewicz-Kwedlo
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15. Zgoda Komisji Bioetycznej

INIWERSYTET MEDYCZNY
w Bialymsioku
\OMIS]A BIOETYCZNA

VAR Biatystok, 19-12-2019

Uchwala nr: R-1-002/641/2019

Komisja Bioetyczna Uniwersytetu Medycznego w  Bialymstoku, po
zapoznaniu sig¢ z projektem badania zgodnie z zasadami GCP/ Guidelines for
Good Clinical Practice - wyraza zgode¢ naprowadzenie tematu
badawczego: ,WskaZnik kinurenina/tryptofan jako marker uszkodzenia ukladu
SCTCOWO-NACZYNIOWEZo u pacjentow z cukrzycg typu 17 przez lek. Malgorzate
Kiluk wraz z zespolem badawczym z UMB.

Przewodniczgca Kgiisji Bioetycznej UMB
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