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Wykaz skrotow uzytych w pracy

ACELI- angiotensin-converting-enzyme inhibitors- Inhibitory konwertazy angiotensyny
ARB- Angiotensin receptor blockers- antagonisci receptora angiotensyny
ASA- Acetylsalicylic acid- kwas acetylosalicalowy

ASCVD-Atherosclerotic cardiovascular disease- choroba sercowo-naczyniowa na podtozu

miazdzycy
CABG-coronary artery by-pass graft- pomostowanie aortalno wiencowe

CCS- Canadian Cardiovascular Society (grading for angina pectoris)- skala zaawansowania

dtawicy piersiowej Kanadyjskiego Towarzystwa Kardiologicznego

CVD- cardiovascular disease- choroba sercowo-naczyniowa

eGFR- estimated glomerular filtration rate- szacowane przesaczanie klebuszkowe
FMO-flavin-containing monooxygenase-flawinomonooksygenaza 3

HBA1c- glycated hemoglobin A1C- hemoglobina glikowana Alc

HDL-C- high density lipoprotein cholesterol- lipoproteina wysokiej ggstosci
HR-hazard Ratio- Hazard wzgledny

hsCRP- high sensitivity C-reactive protein-wysoko czute oznaczenie biatka c-reaktywnego
IQR-interquartile range- rozstep miedzykwartylowy

LDL-C- low density lipoprotein cholesterol- lipoproteina niskiej gestosci

LVEF- left ventricular ejection fraction- frakcja wyrzutowa lewej komory serca
MACE- Major adverse cardiovascular events- powazne zdarzenia sercowo- naczyniowe

NYHA- New York Heart Association (functional classification)- skala Nowojorskiego

Towarzystwa Kardiologicznego nasilenia objawdw niewydolnosci serca.
PCI- percutaneous coronary intervention- przezskorna srédnaczyniowa angioplastyka wienicowa

Q- quartile- kwartyl



TC- total cholesterol- catkowite stezenie cholesterolu

TG- triglycerides- trojglicerydy

TF-tissue Factor- czynnik tkankowy
TMAO-trimethylamine-N-oxide- N-tlenek trimetyloaminy
TMA-trimethylamine- trimetyloamina

TM-thrombomodulin- trombomodulina
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1.Wstep

1.1.Wprowadzenie

Wedlug Swiatowej Organizacji Zdrowia (ang. WHO-World Health Organization), choroby
sercowo-naczyniowe (CVD) pozostaja gtdéwna przyczyng $mierci i niepelnosprawnosci na catym
$wiecie [1]. Dzigki rozwojowi metabolomiki i metagenomiki, mikrobiota jelitowa coraz czgsciej
jest wskazywana jako modulator przebiegu CVD [2]. Aktywno$¢ mikrobioty jelitowej prowadzi
do powstania czasteczek, ktore po wchtonigciu z jelita uczestnicza bezposrednio lub posrednio

w patogenezie CVD. Przyktadem takiej czasteczki jest n-tlenek trimetyloaminy (TMAO).

1.2.TMAO

TMAO powstaje w ludzkim organizmie na drodze enzymatycznego utlenienia metabolitu
mikrobioty jelitowej — trimetyloaminy (TMA). Jest takze wchtaniany bezposrednio z pokarmu [3].

Uproszczony schemat metabolizmu i wchtaniania TMAO przedstawiono na Rycinie 1.

Udzial TMAO w procesie aterogenezy, indukcji stresu oksydacyjnego, nadreaktywnosci ptytek
krwi czy wioknieniu i remodelingu mig¢snia sercowego znajduje odzwierciedlenie w badaniach
populacji pacjentow obcigzonych chorobami uktadu krazenia [4-7]. Wykazano w nich, ze wyzsze
stezenie TMAO w surowicy zwigksza ryzyko zgonu 1 innych niekorzystnych zdarzen
sercowo- naczyniowych w przebiegu choroby wiencowej, niewydolno$ci serca oraz czgstosci
powiklan migotania przedsionkow [8-10]. Uproszczony schemat procesow patofizjologicznych

w ktorych posrednio lub bezposrednio uczestniczy TMAO przedstawiono na Rycinie 2.

Postuluje sie, ze parametry bariery jelitowej moga by¢ czynnikiem istotnie wptywajacym
na wchlanianie tej czasteczki i jej prekursorow [11]. Z tego powodu przepuszczalno$é bariery
jelitowej powinna by¢ uwzgledniana w catosciowej ocenie ryzyka zwigzanego z podwyzszonym
stezeniem TMAO w surowicy[11]. Dane dotyczace procesu wchianiania TMAO oraz TMA,
z przewodu pokarmowego s3 ograniczone[l2].Analizy tego typu, w kontek$cie CVD
przeprowadzono dotychczas gtownie na modelu zwierzecym[13-15]. Dopiero w marcu 2022 roku
opublikowano badanie przeprowadzone na matej (n=29) grupie pacjentow ze zdekompensowang

niewydolnoscig serca, w ktorym analizowano korelacj¢ stezenia TMAO z parametrami bariery



jelitowej [16]. W badaniu tym wykazano brak istotnej korelacji st¢zenia

z przepuszczalno$cig bariery jelitowe;.
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Rycina 1. Metabolizm i wchianianie TMAO z przewodu pokarmowego.
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Rycina 2. Procesy patofizjologiczne uktadu krazenia wigzane posrednio lub bezposrednio z
TMAO.

1.3.Uszkodzenie bariery jelitowej w chorobach ukladu krazenia

Chorobom uktadu krazenia towarzyszy uszkodzenie bariery jelitowej i utrata jej funkcji ochronnej
[17]. Pierwsze Dbadania na ten temat dotyczyly uszkodzenia bariery jelitowej
w przewleklej niewydolnosci serca [18,19]. Wykazano takze zwigzek uszkodzenia bariery
jelitowej z chorobg wienicows, zawatem mig$nia Sercowego oraz nadcisnieniem te¢tniczym [20-24].
Powstaje tzw. btedne koto, w ktorym choroba uktadu krazenia powoduje uszkodzenie bariery
jelitowej i szybsze przenikanie czynnikow powodujacych progresje zmian w sercu oraz naczyniach

krwionos$nych [17].
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1.3.1 Cytrulina

Cytrulina jest aminokwasem syntetyzowanym prawie wylacznie przez enterocyty srodkowej
i szczytowej czgsci kosmkow proksymalnego odcinka jelita cienkiego [25]. Oznaczenie stezenia
cytruliny w surowicy pozwala w Sposob posredni oceni¢c mas¢ czynnych metabolicznie
enterocytow. Jego spadek $wiadczy o uszkodzeniu bariery jelitowe] [25-27].
Potwierdzono przydatno$¢ cytruliny jako biomarkera niedokrwienia jelita u pacjentow
z niedroznos$cig tetnicy krezkowej oraz markera utraty nabtonka jelitowego po srodzabiegowej
okluzji naczyn jelita cienkiego [28,29]. U pacjentow w stanie krytycznym, obnizony poziom
cytruliny moze $wiadczy¢ o uszkodzeniu bariery jelitowej i jest w tej grupie niezaleznym
czynnikiem rokowniczym zgonu[30-33]. Role cytruliny jako biomarkera w ocenie bariery jelitowej

przedstawiono na Rycinie 3
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Rycina 3. Cytrulina jako biomarker bariery jelitowej
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2. Przeslanki do badan

Dotychczas nie przeprowadzono analizy wptywu stezenia TMAO na $miertelnos¢ dlugoterminowa

w polskiej populacji pacjentow obcigzonych chorobami uktadu krazenia.

Ocena wptywu uszkodzenia bariery jelitowej na stezenie TMAO byta przeprowadzona jedynie
na niewielkich populacjach pacjentow obcigzonych chorobami uktadu krazenia [16].

Do oceny bariery jelitowej wykorzystano biomarkery inne niz cytrulina.

Brakuje badan oceniajacych stgzenie cytruliny jako czynnika rokowniczego W obserwacji

dlugoterminowe;.

3. Cele rozprawy doktorskiej:
1. Ocena przydatnosci klinicznej stgzenia TMAO jako niezaleznego czynnika rokowniczego

u polskich pacjentoéw obcigzonych chorobami uktadu krazenia w obserwacji dlugoterminowe;.

2. Ocena przydatnosci klinicznej stg¢zenia cytruliny jako niezaleznego czynnika rokowniczego

u pacjentdw obcigzonych chorobami uktadu krazenia w obserwacji dtugoterminowe;.

3. Ocena wzajemnego powigzania stezenia TMAO 1 uszkodzenia bariery jelitowe] ocenionego
stezeniem cytruliny. Zbadanie takiej korelacji pozwoli lepiej zrozumie¢ wzajemny wptyw tych

czynnikOw na rokowanie pacjentow z chorobami uktadu krazenia.
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4 Material i Metody

Prace pogladowa zawartg w publikacji 1 przygotowano zgodnie z protokotem Preferred Reporting
Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P). Przeglad literatury
wykonano 3 listopada 2021 roku w bazie PubMed uzywajac stow kluczowych TMAO,
atherosclerosis (ang. miazdzyca), coronary artery disease (ang. choroba naczyn wiencowych),
atrial fibrillation (ang, migotanie przedsionkow) heart failure (ang. niewydolno$¢ serca), gut
microbiota (mikrobiota jelitowa). Wyniki wybranych badan oraz metaanaliz omowiono w teksScie

oraz zebrano w tabelach.

Populacj¢ badan opisanych w pracach oryginalnych 2 i 3 stanowili kolejni pacjenci Kliniki
Kardiologii Uniwersyteckiego Szpitala Klinicznego we Wroctawiu, hospitalizowani od marca
2013 do listopada 2015 roku, ktérzy wyrazili Swiadomg, pisemng zgode na pobranie materialu
biologicznego- probki surowicy. Pacjenci, ktorzy nie wyrazili zgody na oddanie probki na potrzeby
przysztych badan lub ich stan zdrowia nie pozwalal na wyrazenie §wiadomej zgody zostali
wykluczeni z badania. Probki surowicy pobierano w 1 lub 2 dniu hospitalizacji, na czczo, aby
zapewni¢ mozliwie podobne warunki pobrania materialu. Probki byty niezwlocznie po pobraniu
schtadzane do temperatury -80 stopni Celsjusza i przechowywane w BioBanku Polskiego Osrodka
Rozwoju Technologii we Wroctawiu (PORT). Szczegdétowa charakterystyke badanej populacji

przedstawiono w Tabelil.

Uzywajac spektrofotometrii mas sprzezonej z kolumnowa chromatografia cieczowa
retrospektywnie oznaczono stezenie TMAO oraz cytruliny w probkach surowicy 1036 pacjentow.

Szczegotowy opis metodyki oznaczen laboratoryjnych przedstawiono w publikacjach 2 i 3.

Informacj¢ o ewentualnym wystapieniu zgonu i jego dacie pozyskano z rejestru NFZ- stan na dzien

19.02.2020.

Stezenie TMAO i cytruliny w surowicy skorelowano ze $miertelnoscig 5-letnig oraz dostepnymi

danymi klinicznymi z rejestrowanej hospitalizacji.

Analize statystyczng przeprowadzono dla calej populacji n=1036 oraz subpopulacji
wyodrgbnionych na podstawie dominujacego rozpoznania klinicznego (ostry zespdt wiencowy
n=177, przewlekly zespot wiencowy n=441, przewlekta niewydolno$¢ serca=292, migotanie

przedsionkow n=277). Wszystkie obliczenia wykonano w programie TIBCO Software Inc. (2017).
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Statistica (data analysis software system), version 13. https://www.tibco.com/ Wszystkie hipotezy
statystyczne weryfikowano na poziomie istotnosci p=0.05. Szczegétowy opis metodyki analizy

statystycznej przedstawiono w publikacjach 2 i 3.

5. Wyniki
5.1. Przeglad literatury-publikacja 1.

Otwarcie cyklu publikacji stanowi praca 1: Trimethylamine N-oxide in cardiovascular disease.
W pierwszej czesci przegladu omowiono ztozony metabolizm TMAO oraz powigzane procesy
patofizjologiczne. Podsumowanie wynikow dotychczasowych badan na temat szkodliwosci
TMAO przedstawiono w tekscie oraz zbiorczej tabeli. Uwzglednia ona rodzaj badania,
charakterystyke populacji, dlugos¢ obserwacji, punkty koncowe, uzyskane wyniki oraz st¢zenie
TMAO w poréwnanych subpopulacjach. W podobny sposob przedstawiono wyniki metaanaliz
dotyczacych zwigzku TMAO z ryzykiem sercowo-naczyniowym oraz badan ukierunkowanych
na redukcj¢ szkodliwosci TMAO u ludzi. Publikacje zakonczono wskazaniem kierunkow

kolejnych badan dotyczacych wptywu mikrobioty jelitowej na choroby uktadu krazenia.

Na podstawie przegladu literatury mozna stwierdzi¢, ze TMAO jest uzytecznym markerem ryzyka
sercowo naczyniowego. Uzyteczno$¢ kliniczna oznaczen stezenia TMAO wymaga jednak
potwierdzenia w prospektywnych, interwencyjnych badaniach klinicznych. Praca stanowi wstep
do cyklu publikacji i w sposob usystematyzowany podsumowuje aktualny stan wiedzy na temat
TMAO w kontekscie chordb uktadu krazenia.

5.2 Prace oryginalne
Druga praca z cyklu, ‘All-cause mortality and trimethylamine-N-oxide levels in patients with
cardiovascular disease’ przedstawia ocen¢ wptywu stezenia TMAO w surowicy na $miertelno$¢

5-letnig w populacji 1036 polskich pacjentow hospitalizowanych na oddziale kardiologicznym.

5.2.1.Charakterystyka populaciji.

Mediana wieku pacjentow wynosita 62 lata, 61% populacji stanowili me¢zczyzni. W czasie
5- letniej obserwacji zanotowano 171 zgondéw co stanowilo 16,5% pacjentdéw uczestniczacych
w badaniu. Pacjentow podzielono na grupe, w ktorej wystapit zgon oraz grupe ktora przezyta okres

5-letniej obserwaciji.
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Wigkszo$¢ analizowanych zmiennych klinicznych i biochemicznych byta rézna w grupie,
gdzie wystapil zgon w poréwnaniu z grupa pacjentdw przezywajacych. Osoby, ktére zmarty byty
starsze 1 byli to czesciej mezczyzni. Wykryto u nich wyzsze stezenie TMAO 1 hsCRP oraz wyzszy
poziom HbAlc. Obserwowano nizszy poziom cholesterolu catkowitego, frakcji HDL
1 trojglicerydéw. Nizsza byta u nich warto$¢ przesaczania klebuszkowego i frakcji wyrzutowe;j
lewej komory serca. Cze¢sciej stosowali kwas acetylosalicylowy, doustng antykoagulacje, beta
blokery, statyny, diuretyki petlowe i blokery receptora angiotensyny. Czgsciej obserwowano u nich
rowniez ostry i przewlekly zespot wiencowy, przewlekta niewydolno$¢ serca, migotanie
przedsionkow, cukrzyce, nadcis$nienie tetnicze i nikotynizm. W grupie pacjentéw zmartych
czesciej wystepowaly przebyte zabiegi angioplastyki wiencowej i pomostowania aortalno-
wiencowego.

Pelng charakterystyke populacji dostgpne dane biochemiczne i kliniczne z hospitalizacji

przedstawiono w Tabeli 1.

Tabela 1. Charakterystyka populacji

Zmienna Cata grupa | Zgon w trakcie 5-letniej obserwacji | wartos$¢ p
(n=1036) Tak (n=171) Nie (n=865)

Wiek (lata) 62,0+14,1 68,9+11,1 60,7+14,3 p<0,0001

Pte¢ (% mezezyzn) | 61,1 73,0 58,8 p<0,001

TMAO (uM) 4,06 (2,79-6,01) | 5,65 (3,48-8,94) | 3,86 (2,70-5,62) | p<0,0001

Cytrulina (M) 225 (17,8-27,9) | 21,5 (16,5-27,6) | 22,8 (18,0-28,0) | p=0,18

Ostry zespot | 17,0 32,7 19,4 p<0,001
wiencowy (%)

Przewleklty zespot | 42,5 57,1 40,0 p<0,0001
wiencowy (%)

Przewlekla 28,1 54,7 23,4 p<0,0001
niewydolnos¢ serca

(%)

Migotanie 26,7 43,2 23,4 p<0,0001

przedsionkow (%)
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Inne zaburzenia | 16,4 14,7 85,2 p=0,48
rytmu (%)
Zaburzenia 44,0 13,1 86,8 p=0,010
przewodnictwa (%)
PCI w trakcie | 21,0 31,1 23,3 p=0,051
hospitalizacji (%)
PClI w wywiadzie | 14,4 25,7 16,9 p=0,017
(%)
CABG w |76 12,2 6,7 p=0,012
wywiadzie (%)
Cukrzyca (%) 24,7 35,2 22,6 p<0,001
Nadci$nienie 71,7 81,8 69,7 p=0,0012
tetnicze (%)
Nikotynizm (%) 23,2 30,0 21,9 p=0,026
NYHA 1-7,0 |-8,7 l-6,3 p=0,16
(% w grupie | II-55,5 Il-48,3 Il - 58,8
przewlektej
niewydolnosci I -34,0 - 37,7 I -32,3
serca)

IV -3.3 IV-5,3 IV-2,6
CCS I-10,2 I-6,0 1-11,3 p=0,65
(% w  grupie | Il -54,3 I1-575 Il1-535
przewlektego
zespohu I -32,2 I - 33,3 I -32,0
wiencowego)

IV-31 IV -3,0 IV-31
LVEF (%) 60 (50-65) 50 (37-65) 65 (55-66) p<0,0001
eGFR (ml/min) 68 (55-80) 58 (44-72) 69 (58-81) p<0,0001
hsCRP (mg/l) 3,47 (1,33-13,3) | 7,79 (2,64-30,8) | 3,11 (1,24-10,1) | p<0,0001
HbAlc (%) 5,70 (5,40-6,20) | 5,90 (5,50-6,65) | 5,70 (5,40-6,10) | p=0,018
TC (mg/dl) 182 (149-216) 171 (135-207) 184 (151-218) p=0,0028
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LDL (mg/dI) 104 (80-136) 97 (33-249) 106 (83-136) p=0,094
HDL (mg/dl) 45 (37-55) 42 (34-51) 46 (38-55) p<0,001
TG (mg/dl) 124 (95-169) 115 (89-155) 127 (96-172) p=0,018
ASA (%) 54,8 64,0 52,9 p=0,0085
Klopidogrel (%) 29,4 28,1 35,1 p=0,075
NOAC (%) 28,9 43,4 26,0 p<0,0001
ACE-1 (%) 70,2 76,1 69,0 p=0,066
ARB (%) 7,19 3,01 8,02 p=0,022
Beta bloker (%) 81,2 92,2 79,0 p<0,0001
Statyna (%) 79,1 89,2 77,0 p<0,001
Diuretyk petlowy | 19,1 43,4 14,3 p<0,0001
(%)

5.2.2. Wplyw stezenia TMAOQO na $miertelno$¢ w calej grupie badanej

W analizie jednoczynnikowej proporcjonalnego hazardu Coxa wyzsze stgzenie TMAO w calej
grupie badanej byto istotnym statystycznie predykatorem $miertelnosci 5-letniej (HR 1,01 przy
95% CI 1,006-1,018 i p<0,0001). Opisana zalezno$¢ stracita swojg istotno$¢ statystyczng w
analizie wieloczynnikowej, uwzgledniajacej wymienione powyzej czynniki zwigzane ze
$miertelnoscia

tj. wiek, pte¢, choroby wspotistniejace oraz nieprawidtowosci badan biochemicznych.

W celu doktadniejszej analizy wptywu poziomu TMAO na $miertelnos$¢ 5- letnig podzielono jego
stezenie na kwartyle, ktore poréwnano za pomoca metody Kaplana-Meiera. (Wykres 1)
Stwierdzono istotng r6znice w prawdopodobienstwie przezycia pacjentOw w najwyzszym kwartylu

poziomu TMAO w poréwnaniu z pozostatymi kwartylami (Chi kwadrat 49,61; p< 0,00001)

W analizie jednoczynnikowej dla kwartyli stezen TMAO stwierdzono istotnie wyzsza $miertelnosc¢
(HR 1,55 przy 95% CI 1,34-1,79 i p<0,0001) dla pacjentow w gornym kwartylu stgzenia TMAO,

jednak w analizie wieloczynnikowej zalezno$¢ ta nie byta istotna statystycznie.
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Wykres 1 Krzywe Kaplana-Meiera prawdopodobienstwa przezycia w czterech grupach pacjentéw
podzielonych na podstawie kwartyli stezenia TMAO. Q1, Q2, Q3,04 — kwartyle 1, 2, 3i 4.
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Przeprowadzona analiza ROC dla calej populacji badanej pozwolita wyznaczy¢ punkt odcigcia
stezenia TMAO wynoszacy 5,94 uM, powyzej ktérego z 48% czuloscig i 80% specyficznoscia
mozna wyznaczy¢ grupe pacjentow z podwyzszonym ryzykiem zgonu w czasie 5-letnigj
obserwacji (pole powierzchni pod krzywag ROC 0,67; 95% CI 0,62-0,71; p<0,0001; Indeks
Youdena=0.28)
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Wykres 2 Po lewej: Prawdopodobienstwo przezycia w catej grupie badanej w zaleznosci
od wyznaczonego w analizie ROC punku odciecia stgzenia TMAO = 5,94 uM (warto$¢ statystyki
log-rank = 7,07 przy p<0,00001). Po prawej Wykres analizy ROC z zaznaczonym czarnym
rombem punktem odciecia stezenia TMAO (5,94uM) powyzej ktorego z 48%czutoscig i 80%
specyficznoscia mozna wyznaczy¢ grupg¢ pacjentow z podwyzszonym ryzykiem zgonu W
obserwacji 5-letniej.

5.2.3 Wplyw TMAO na Smiertelno$¢ w podgrupach

Populacje badang podzielono na podgrupy pacjentow w zaleznos$ci od rozpoznania dominujgcego.
Nastepnie, podobnie jak dla populacji ogdlnej, wprowadzono podzial na pacjentéw zmartych
oraz tych, ktorzy przezyli obserwacje 5-letnig. (Tabela 2)) Wykazano istotne réznice st¢zenia
TMAO w podgrupach pacjentow z przewleklym zespolem wiencowym, przewlekia

niewydolnoscig serca oraz migotaniem przedsionkow.

Analiza jednoczynnikowa (Tabela3.) przeprowadzona dla poszczegdlnych subpopulacji wykazata,
7ze u pacjentow z przewleklym zespotem wiencowym, przewleklta niewydolnoscig serca

1 migotaniem przedsionkdw podwyzszone st¢zenie TMAO istotnie wplywalo na $miertelnos¢.
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Stwierdzony wzrost ryzyka w tych subpopulacjach nie jest jednak istotny klinicznie (HR1,01-

1,02). W analizie wieloczynnikowej (Tabela 3.) stgzenie TMAO w tych podgrupach nie

mialo istotnego wptywu na $miertelnos¢ 5- letnia.

Tabela 2. Stezenie TMAO w podgrupach pacjentow (mediana, rozstep kwartylowy)

Podgrupa badana Cata podgrupa Zgon w trakcie 5- letniej wartos¢ p
obserwacji

Ostry zespot wiencowy | 4,27 Tak (n=37) Nie (n=140) p=0,23
(n=177) (2,87-5,92) 4.42 4,15

(3,31-7,45) (2,83-5,71)
Przewlekty zespot 4,29 Tak (n=96) Nie (n=345) p<0,00001
wiencowy (n=441) (2,94-6,67) 6,26 4,00

(2,70-10,1) (2,84-5,88)
Przewlekta 491 Tak (n=93) Nie (n=199) p<0,001
niewydolnos¢ serca (3,37-7,44) 5,84 4,65
(n=292) (4,12-8,94) (3,27-6,74)
Migotanie przedsionkow | 4,86 Tak (n=74) Nie (n=203) p<0,0001
(n=277) (3,37-7,41) 6,61 4,46

(4,57-10,19) (3,23-6,41)
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Tabela 3. Wyniki analizy jedno i wieloczynnikowej proporcjonalnego hazardu Coxa wplywu
stezenia TMAO na $miertelnos$¢ 5- letnig w podgrupach pacjentow

Podgrupa badana hazard wzglgdny 95% CI wartos¢ p
(HR)

Analiza jednoczynnikowa proporcjonalnego hazardu Coxa

Ostry zespot wiencowy (n=177) 1,00 0,98-1,01 p=0,95
Przewlekly zespot wiencowy (n=441) 1,01 1,00-1,02 | p=0,001
Przewlekta niewydolnos¢ serca (n=292) 1,01 1,00-1,03 p=0,033
Migotanie przedsionkow (n=277) 1,02 1,00-1,04 p=0,018
Analiza wieloczynnikowa proporcjonalnego hazardu Coxa

Ostry zespot wiencowy (n=180) 1,00 0,98-1,02 p=0,70
Przewlekly zespot wiencowy (n=441) 1,02 0,99-1,04 p=0,089
Przewlekta niewydolnos¢ serca (n=292) 1,00 0,98-1,02 p=0,56
Migotanie przedsionkow (n=277) 1,01 0,98-1,03 p=0,42
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5.2.4. Korelacja stezenia TMAO z danymi klinicznymi

Dla danych ilosciowych stezenie TMAO korelowalo istotnie (p<0,05; korelacja R Spearmana)
dodatnio z wiekiem pacjenta, poziomem hsCRP, HbAlc i trojgliceryddw oraz ujemnie z warto$cia
frakcji wyrzutowej lewej komory serca, wskaznikiem eGFR i st¢zeniem cholesterolu frakcji HDL.
Dla danych dychotomicznych stezenie TMAO korelowalo istotnie (p<0,05; korelacja R
Spearmana) dodatnio z obecnoscig cukrzycy, przewleklego zespotu wiencowego, przewlektej
niewydolnosci serca, nadcisnienia tetniczego 1 migotania przedsionkow. Wszystkie wskazniki
wyzej wymienionej korelacji byty stabe lub bardzo stabe, przy czym najsilniejsza z nich, ujemna,
dotyczyta warto$¢ przesaczania klebuszkowego.(Tabela 4.)

Tabela 4.Korelacje stgzenia TMAO z danymi klinicznymi. Wszystkie przedstawione zmienne
koreluja istotnie ze stgzeniem TMAO (p<0,05)

Zmienna Wskaznik korelacji R Spearmana
Wiek 0,28
hsCRP 0,12
HbAlc 0,27
TG 0,09
LVEF -0,12
GFR -0,42
HDL -0,14
Cukrzyca 0,24
Przewlekly zespot wiencowy 0,10
Przewlekta niewydolnos¢ serca 0,24
Nadci$nienie tetnicze 0,17
Migotanie przedsionkow 0,19
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5.2.5. Wielochorobowos¢ a stezenie TMAO

Ze wzgledu na czesta wielochorobowo$¢ pacjentow w grupie badanej przesledzono skale tego
zjawiska 1 jego zwigzek ze stezeniem TMAO. Oceniano wspotwystepowanie ostrego zespotu
wiencowego, przewlektego zespotu wiencowego, przewleklej niewydolnosci serca, migotania
przedsionkéw, nadci$nienia tetniczego 1 rozpatrywanych lacznie zaburzen rytmu serca
lub zaburzen przewodnictwa. Obecno$¢ tylko jednego z w/w schorzen obserwowano u 130
pacjentow, dwoch u 260 pacjentow, trzech u 338 pacjentow, czterech u 191 pacjentéw, pigciu u 85
pacjentow i wszystkich szeSciu u 32 pacjentow. Wielochorobowo$¢ korelowata istotnie dodatnio
ze stezeniem TMAO (wskaznik korelacji tau Kendalla = 0,20 przy p<0,05). Obserwowano
rowniez istotne roznice w stezeniu TMAO pomiedzy wymienionymi podgrupami, w szczegolnosci
pomiedzy pacjentami z jednym lub dwoma zdiagnozowanym schorzeniami kardiologicznymi
I pozostatymi.

Tabela 5. Stezenie TMAO w zaleznosci od liczby zdiagnozowanych schorzen kardiologicznych

u danego pacjenta. W tescie Kruskala-Wallisa istotne réznice obserwowano pomiedzy stezeniami
TMAO w 1 2 grupie a pozostatymi (warto$¢ statystyki H=76,74 i p<0,0001)

Liczba zdiagnozowanych schorzen kardiologicznych
1 2 3 4 5 6
TMAO(uM) (mediana, | 3,02 3,47 4,31 4,55 5,54 5,93
rozstep kwartylowy) (2,19- | (2,61- (2,93- | (3,23- | (3,61- (3,35-
4,38) 4,98) 6,41) 6,87) 8,56) 10,36)

Omawiana praca wchodzgca w sktad rozprawy doktorskiej jest pierwszg, ktora ocenia zalezno$¢é
stezenia TMAO w surowicy ze $miertelnoscig polskich pacjentoéw obcigzonych chorobami uktadu
krazenia. Badanie przeprowadzono na stosunkowo duzej populacji pacjentéw przy dtugim okresie
obserwacji. Dzigki temu, wyniki uzyskane zar6wno dla populacji ogoélnej oraz wyodrgbnionych
subpopulacji sg statystycznie reprezentatywne. Poniewaz do badania rejestrowano kolejnych
hospitalizowanych pacjentow, uzyskane wyniki mozna odnosi¢ do ogodlnej populacji pacjentdéw
hospitalizowanych na polskich oddziatach kardiologicznych. Uwzglednione liczne parametry
doktadny

na przeprowadzenie szerokiej analizy wieloczynnikowej.

biochemiczne, antropomorficzne  oraz wywiad  chorobowy  pozwolity
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Przyjeta metodyka uniemozliwia uznanie stezenia TMAO jako istotnego klinicznie i niezaleznego
predykatora zgonu w obserwacji 5-letniej pacjentow obcigzonych chorobami uktadu krgzenia.
W omawiane] pracy wykazano liczne korelacje stgzenia TMAO z innymi parametrami
klinicznymi. Procesy patofizjologiczne wigzane z TMAO, w praktyce klinicznej moga
wspotistnie¢ w réoznym nasileniu 1 podlegaja wptywom wielu zmiennych w czasie czynnikow
zewnetrznych. W zwigzku z tym, okreslenie TMAO jako czynnika sprawczego lub jedynie
towarzyszacego chorobom uktadu krazenia jest bardzo trudne. Implikuje to takze ostrozno$¢
w interpretacji dotychczasowych badan, w ktorych TMAO wydawal si¢ by¢ obiecujacym
predykatorem zgonu.

5.2.6. Wplyw stezenia cytruliny na Smiertelnos¢ w calej grupie badanej
Trzecia praca z cyklu, Citrulline and long-term mortality in patients with cardiovascular
disease stanowi rozwinigcie poprzedniej analizy o ocen¢ wplywu uszkodzenia bariery jelitowej-

mierzonego st¢zeniem cytruliny na $miertelno$¢ w badanej populac;ji.

W catej badanej populacji mediana stezenia cytruliny w surowicy wynosita 22,5uM (IQR 17,8-
27,9). Nie stwierdzono istotnej roznicy stezenia cytruliny pomiedzy grupa pacjentow zmarlych
oraz przezywajacych 5-letni okres obserwacji. Nie wykazano takze statystycznie istotnego wpltywu
stezenia cytruliny na $miertelno$¢ pacjentow z CVD w obserwacji 5-letniej HR 0.99 (95% CI1 0.97-
1.00 p=0,49). W analizie z uzyciem podziatu kwartylowego, st¢zenie cytruliny takze nie wplywato

na $miertelno$¢ pacjentow (Wykres 3)
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Wykres 3. Krzywe Kaplana-Meiera prawdopodobienstwa przezycia w czterech podgrupach
pacjentow podzielonych na podstawie kwartyli stezenia cytruliny. Q1, Q2, Q3, Q4 — kwartyle 1,
2,314.

5.2.7. Wplyw stezenia cytruliny na $miertelno$¢ w podgrupach

W celu poglebionej analizy wpltywu stezenia cytruliny na $miertelno$¢ u pacjentow
z chorobami uktadu krazenia przeanalizowano jego zwiazek w podgrupach pacjentow z ostrym
zespotem wiencowym, przewleklym zespolem wiencowym, przewlekta niewydolnoscig serca
i migotaniem przedsionkow. Stezenie cytruliny w podgrupach z dodatkowym podziatem
na pacjentdéw zmartych i1 przezywajacych obserwacje 5-letnig przedstawiono w Tabeli 6.

Jedynie w podgrupie pacjentéw z ostrym zespotem wiencowym obserwowano istotnie mniejsze
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stezenie cytruliny w grupie pacjentow, ktorzy zmarli w trakcie obserwacji 5-letniej w poréwnaniu

z pacjentami, ktorzy przezyli: 20,9 uM (15,2-25,8) vs 24,0 uM (18,5-30,1) p=0,025.

Tabela 6. Stezenie cytruliny w podgrupach pacjentow (mediana, rozstep kwartylowy).

Podgrupa badana Cata podgrupa | Zgon w trakcie 5-cio letniej | wartos¢ p
obserwacji

Ostry zespot wiencowy | 23,3 (18,3- | Tak (n=37) Nie (n=140) p=0,025
(n=177) 29,1) 20,9 (15,2-25,8) | 24,0  (18,5-

30,1)
Przewlekly zespoét | 22,2 (17,5- | Tak (n=96) Nie (n=345) p=0,12
wiencowy (n=441) 28,1) 21,0 (15,7-21,3) | 22,4  (18,0-

28,4)
Przewlekta 22,2 (17,9- | Tak (n=93) Nie (n=199) p=0,50
niewydolnos¢ serca 28,2) 21,7 (16,6-28,2) | 22,3 (18,3-
(n=292) 28,3)
Migotanie przedsionkow | 22,2 (17,7- | Tak (n=74) Nie (n=203) p=0,89
(n=277) 28,5) 22,9 (16,5-30,1) | 22,1  (18,1-

28,4)

5.2.8. Korelacje stezenia cytruliny z danymi klinicznymi

Nie wykazano istotnych statystycznie korelacji stgzenia cytruliny z analizowanymi danymi

Klinicznymi.

5.2.9. Wielochorobowos¢ a stezenie cytruliny

Nie obserwowano zwigzku pomiedzy wielochorobowoscia, a stezeniem cytruliny.

5.2.10. Korelacja stezenia TMAQO i cytruliny

Nie  wykazano

istotnej

korelacji

(korelacja tau Kendala = 0,027).

pomiedzy
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Wedlug wiedzy autorow jest to pierwsza praca oceniajgca przydatno$¢ stgzenia cytruliny jako
niezaleznego czynnika rokowniczego pacjentow z CVD w obserwacji dlugoterminowej. Uzyskane
stezenia cytruliny sg do$¢ dalekie od normy. Posrednio moze to $wiadczy¢ o utracie nabtonka
jelitowego w badanej populacji. Pomimo to, uzyskane wyniki uniemozliwiajg uznanie stezenia
cytruliny jako niezaleznego predykatora zgonu w obserwacji 5-letniej pacjentéw obcigzonych

chorobami uktadu krazenia.

Oznaczenie cytruliny bylo wykorzystywane dotychczas glownie do oceny rokowania pacjentow
w stanie krytycznym lub hospitalizowanych w oddziatach intensywnej terapii. W pracy bedace;j
czescig cyklu publikacji, istotng statystycznie roznice stgzen cytruliny w zalezno$ci od wystgpienia
zgonu zaobserwowano jedynie w podgrupie pacjentow z OZW. Mozna uznaé, ze wsrod catej
badanej populacji, ta grupa pacjentow najlepiej odpowiada definicji stanu nagtego. Nie mozna wigc
wykluczy¢, ze warto$¢ diagnostyczna i prognostyczna cytruliny jest wyzsza w przypadku stanow
ostrych niz choréb przewlektych. Stoi to w sprzeczno$ci z obnizeniem st¢zenia cytruliny
w przebiegu przewlektych chordb pierwotnie zwigzanych z utrata nabtonka jelitowego jak choroba
Crohna, celiakia czy zespot krotkiego jelita. Mozliwe, ze zmiany stezenia cytruliny w przebiegu
przewlektych chor6b uktadu krazenia wykazuja inng dynamike i podlegaja innym mechanizmom
regulacyjnym. Wykazany pracy brak korelacji stezenia cytruliny z wielochorobowos$cig pacjentow
z CVD wydaje si¢ przemawia¢ za takim wytlumaczeniem. Najwicksze zaskoczenie budzi jednak
brak statystycznie istotnej korelacji pomigdzy stezeniem cytruliny a danymi klinicznymi- w tym
funkcjag nerek (eGfr) czy parametrami stanu zapalanego (hscrp) w badanej populacji.
Sciste powiazanie metabolizmu cytruliny z funkcja nerek czy nasileniem stanu zapalnego powinno

ostatecznie wplyna¢ na stezenie cytruliny, czego nie stwierdzono w przedstawionej pracy.

Przedstawione w pracy wyniki stanowig przede wszystkim wazne uzupelnienie badan wplywu
uszkodzenia bariery jelitowej na wchianianie TMAO u pacjentow obcigzonych chorobami uktadu
krazenia. Postulowana w literaturze potrzeba takiej analizy nie zostata dotychczas zrealizowana
na tak duzej populacji jak w przedstawionej pracy. Dodatkowo, do oceny bariery jelitowej
w kontekScie wchianiania TMAO wykorzystywano dotychczas biomarkery inne niz cytrulina.
Brak istotnej korelacji stezenia cytruliny i TMAO wskazuje na inny, nieznany mechanizm

transportu TMAO, ktory jest prawdopodobnie niezalezny od ilosci enterocytow.
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6. Whnioski

1.W analizie jednoczynnikowej st¢zenie TMAO jest czynnikiem rokowniczym zgonu
w  obserwacji  5-letniej  pacjentow  obcigzonych  chorobami  uktadu  krazenia.

W analizie wieloczynnikowej zalezno$¢ ta traci istotno$¢ statystyczng.

2.Uszkodzenie bariery jelitowej, mierzone ste¢zeniem cytruliny w surowicy nie jest czynnikiem

ryzyka zgonu w obserwacji 5-letniej pacjentow obcigzonych chorobami uktadu krazenia.

3.Nie wystepuje korelacja pomiedzy stezeniem TMAO oraz cytruliny w surowicy.
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7. Ograniczenia metodologiczne prac stanowigcych cykl publikacji

Cykl publikacji, bedacy przedmiotem rozprawy doktorskiej na kazdym etapie tworzony byt
z intencja zachowania nalezytej starannosci. Jako uzupeilnienie wnioskéw nalezy wskazad
ograniczenia metodologiczne, ktore potencjalnie mogly mie¢ wptyw na uzyskane wyniki oraz ich

ostateczng interpretacje.

a) Ramy objetosciowe pracy pogladowej nr 1 uniemozliwily omoéwienie wszystkich zagadnien
zwigzanych z metabolizmem TMAO. Potrzeba zamieszczenia w jednej publikacji zagadnien
zwigzanych z patofizjologia oraz wynikami dotychczasowych badan wymusita takze

przedstawienie zgromadzonych danych w formie tabel oraz symbolicznych grafik.

Prace oryginalne 2 i 3 objely t¢ sama populacje i wykorzystywaly podobne zalozenia

metodologiczne, w zwigzku z tym wykazuja podobne ograniczenia.

b) Obydwa badania miaty charakter retrospektywno- obserwacyjny i objely pacjentow
hospitalizowanych w jednym os$rodku. Rozwigzaniem tego problemu byloby prospektywne

badanie wieloosrodkowe, co czgsto postuluje si¢ w dotychczasowych badaniach dotyczacych

TMAO.

c) Retrospektywny charakter badan, pomimo analizy wieloczynnikowej nie wyklucza istnienia
innych, niekontrolowanych czynnikéw, ktore mogly mie¢ wptyw na wyniki badan laboratoryjnych
oraz czestos¢ zgondow. Wyniki prac 2 i 3 opieraja si¢ na pojedynczym pomiarze stezenia TMAO
oraz cytruliny. Parametry te s3 zmienne w czasie 1 mogg zaleze¢ od wielu czynnikow.
Sposrdd najwazniejszych, nie dysponujemy informacjami na temat wywiadu stosowania
antybiotykoterapii w czasie poprzedzajagcym pobranie probki surowicy, stezenia prekursorow
TMAO, sktadu mikrobioty jelitowej oraz nawykéw zywieniowych pacjentow.
Czynniki te maksymalnie zredukowano pobierajac probki surowicy w mozliwie podobnych
warunkach dla wszystkich hospitalizowanych pacjentow oraz rejestrujac liczne dostepne

parametry kliniczne.

Optymalnym rozwigzaniem ograniczen wynikajacych z uzycia pojedynczego pomiaru st¢zenia
cytruliny byloby laczne oznaczenie kilku réznych biomarkerow bariery jelitowej, w seryjnych
pomiarach, w odstgpach czasowych dostosowanych do okresu obserwacji krotkoterminowe;j

i dlugoterminowej. Dodatkowych danych dostarczylaby takze rownoczesna ocena
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histopatologiczna bioptatow $luzowki jelita lub testy czynno$ciowe wchlaniania z przewodu
pokarmowego. Realizacja takiego planu, na tak duzej populacji pacjentoéw wydaje si¢ jednak
bardzo trudna ze wzgledow organizacyjnych oraz finansowych. Nalezy takze uwzgledni¢

inwazyjno$¢ niektorych z wymienionych metod.

d) Dane dotyczace zgondéw pacjentdow w badanej populacji nie uwzgledniaja ich przyczyny.
Dtugi czas obserwacji moze sugerowac, ze nie wszystkie zarejestrowane zgony byly konsekwencja
choréb uktadu krazenia. Niestety rozwigzanie tego problemu w polskich warunkach moze by¢
trudne ze wzgledu na duzy udziat tzw. kodow $mieciowych (ang. Garbage codes) powodujacych

niescisto$ci w statystykach przyczyn zgonow.

e) W okresie obserwacji prac 2 i 3 nie rejestrowano kolejnych hospitalizacji, istotnych zdarzen
sercowo-naczyniowych, pozniejszych choréb towarzyszacych, zmian w farmakoterapii
oraz podjetych przez pacjentdw zmian stylu zycia. Czynniki te mogltyby wptywaé na stgzenie
TMAO, cytruliny a ostatecznie na S$miertelno$¢ pacjentow w okresie po rejestrowanej

hospitalizacji.

f) Dysponujemy danymi z dostepnych publikacji o prawidtowych poziomach TMAO i cytruliny,
jednak nie dysponujemy grupa kontrolng rekrutowang rownolegle z naszg grupa badang w celu

poréwnania wptywu poziomu omawianych czasteczek na ryzyko zgonu.
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Introduction

According to the World Health Organization (WHO),
cardiovascular disease (CVD) remains the major cause
of death and disability worldwide.! Exploring new patho-
physiological pathways enables a better understanding
of CVD at both the molecular and clinical levels. Owing
to the development of metabolomics and metagenomics,
the intestinal microbiota have been indicated as a potential
modulator of the course of CVD. Trimethylamine N-oxide
(TMADO) is a gut-derived metabolite whose usefulness has
been evaluated in numerous studies. Despite promising
results, TMAO is an example of a deeply researched gut
microbiome biomarker which is still not used in everyday
clinical practice. In order to determine the utility of a new
biomarker, it is first necessary to assess its metabolism and
related pathophysiological processes, followed by clini-
cal trials.? This review summarizes extensive literature
on TMAO and indicates gaps in knowledge existing after
more than 10 years of research.

Objectives

The purpose of this article was to provide an overview
of the metabolism of TMAO and associated pathophysiolog-
ical processes, and the results of major studies. An attempt
was also made to indicate the direction of further research.

Methodology

Literature search was carried out in the PubMed data-
base on November 3, 2021 using the queries: “(TMAO)
AND (atherosclerosis)”, “(TMAO) AND (coronary artery
disease)”, “(TMAQ) AND (atrial fibrillation)”, “(TMAOQO)
AND (heart failure)”, and “(TMAO) AND (gut microbi-
ota)”. Selected key studies concern diverse groups of pa-
tients with CVD. Their results are discussed in the text
and presented in tables below.

Metabolism of TMAO

The TMAO is an organic compound with the chemical
formula of (CH;3);NO. It is commonly found in the tis-
sues of marine organisms, where it mitigates the adverse
effects of temperature, salinity, as well as high urea and
hydrostatic pressure.? In humans, TMAOQ is produced
by the oxidation of trimethylamine (TMA) and is ab-
sorbed directly from food. The TMAO is most abundant
in fish and seafood.* Gut microbiota produce TMA from
the dietary precursors: choline, L-carnitine, and betaine.
These TMA precursors are most abundant in red meat and
eggs.® The most recent research indicates that the intake
of foods rich in TMA precursors does not translate directly

R. Konieczny, W. Kuliczkowski. TMAQ in cardiovascular diseases

into an increase in plasma TMAO level because it depends
on individual metabolic features, such as hepatic enzymes
activity and gut microbiota composition.®”

Carnitine metabolism is key to human TMAO produc-
tion and 3 major bacterial metabolic pathways leading
to TMA synthesis from dietary precursors were described®:

a) anaerobic choline degradation by choline TMA-lyase;

b) hydroxylation of L-carnitine to TMA by carnitine
oxidoreductase; and

¢) conversion of L-carnitine to y-butyrobetaine, which
is then converted to TMA.

Trimethylamine produced by gut microbiota is excreted
from the gut via 3 mechanisms: it can be absorbed to the cir-
culation, excreted with stool or used by other bacteria
in the process of syntrophy. Trimethylamine that has been
absorbed to the circulation is oxidized to TMAO by he-
patic flavin-containing monooxygenase (FMO).® Trimeth-
ylamine absorption occurs in the small intestine (Fig. 1).°
After absorption, TMA is almost immediately oxidized
to TMAQ. Following the oral intake of phosphatidylcholine,
the highest plasma and urinary TMAO levels are observed
after 12 h and 24 h, respectively. After 48 h from intake,
the plasma TMAO level returns to baseline.” The TMAO
taken with food is absorbed through the intestinal barrier
and is detectable in blood after 15 min. The maximum blood
concentration is reached after 1 h and is maintained for
approx. 6 h. After 24 h, 96% of the TMAO dose taken with
food is excreted with urine, mostly in an unchanged form.!’

To determine the concentration of TMAO, liquid chro-
matography coupled with tandem mass spectrometry and
automated nuclear magnetic resonance spectrometry are
most often used.* Due to the need of specialized equip-
ment, reliable TMAO determination is possible in research
or academic facilities; however, mentioned methods be-
come more available.

The effect of TMAO
on pathophysiological processes

The first studies reporting the negative effects of TMAO
were conducted on an animal model and focused on ath-
erogenesis. Initially, it was determined that TMAO ac-
celerates the production of foam cells from macrophages.
The TMAO was shown to promote the upregulation
of the scavenger receptors CD36 and SR-A1'! as well
as induce inflammation'? via the MAPK/JNP pathway,
which regulates the synthesis of pro-inflammatory cyto-
kines — tumor necrosis factor alpha (TNF-a), interleukin
6 (IL-6) and intercellular adhesion molecule 1 (ICAM-1).
This leads to cholesterol overload in macrophage foam
cells and their faster migration and adhesion to endothelial
cells. A study on human umbilical vein endothelial cells
(HUVECsS) confirmed a link between high plasma TMAO
levels and the development of atherosclerosis. Moreover,
it indicated that TMAO impaired endothelial self-repair
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Choline —# Betaine <«— L-Carnitine

A)™ Choline lyase
B) Carnitine oxidoreductase

C)"'M Carnitine lyase

Renal excretion

Kidneys

Bacterial
T B T G } enzymes

_" y-Butyrobetaine

25 J.

Fig. 1. Schematic presentation of the intestinal absorption of TMA and TMAO

TMA — trimethylamine; TMAQO — trimethylamine N-oxide; FMO - flavin-containing monooxygenase.

already in the early stages of atherogenesis.!* This is due
to the inhibitory effect of TMAOQ on endothelial cell pro-
liferation during the GO/G1 phase of the cell cycle!* as well
as its cytotoxic effect on circulating endothelial progenitor
cells.'® This cascade of events is accompanied by increased
oxidative stress, another postulated effect of chronically
elevated TMAO levels, observed also in healthy individu-
als.!6 The effect of TMAO on pathophysiological processes
is depicted in Fig. 2.

Ata systemic level, TMAO promotes atherogenesis by al-
tering lipid metabolism. In a study on a mice model, Koeth
et al. demonstrated that TMAO inhibited the expression
of the Cyp7al enzyme and bile acid transport proteins.'”
The Cyp7al is responsible for bile acid synthesis and inhi-
bition of cholesterol catabolism. The lack of Cyp7al leads
to the reduced bile acid synthesis and secretion, resulting
in atherosclerosis progression. At the same time, a reduc-
tion in the expression of bile acid transporter proteins
in the liver negatively affects the major pathway of elimi-
nation of cholesterol from the body."”

Along with research on atherosclerosis, there have been
studies investigating the prothrombotic effect of TMAO.
Impaired intracellular calcium ion transport in platelets,
heightened platelet reactivity and increased platelet adhe-
sion to collagen fibers were reported.’® In endothelial cells,
an increased tissue factor synthesis and downregulation
of thrombomodulin were described.*

Direct cardiotoxic and
proarrhythmic effects of TMAO

The cardiotoxicity of TMAQO was confirmed in morpho-
logical and functional studies, mainly in animal models.
By activating the inflammatory pathways, TMAQ promotes
cardiac fibrosis, heart weight gain and cardiac remodel-
ing.?® At a cellular level, TMAOQ impairs the intracellular
microtubule network and alters calcium concentration
control in cardiac muscle cells. This leads to a decrease
in contraction amplitude, longer time of peak and reduced

34



916 R. Konieczny, W. Kuliczkowski. TMAQ in cardiovascular diseases
MACROPHAGE —————— FOAM CELL
INTENSTINE ALTERED BILE ACIDS METABOLISM |
LIVER " ALTERED CHOLES;EROL TRANSPORT
- INFLAMMATION
- OXIDATIVE STRESS
ENDOTHELIUM ——— .G,—» G,
EPC®
TMAO iy -
™4 [ —» ASCVD — MACE
4— \
\ **. R
PLATELETS THROMBUS
HEART INFLAMMATEON
HBROSB HF Hel
—_—
PROGRESSION PROGNOSIS
REMODELING
ALTERED ENERGY METABOLISM

Fig. 2. Effect of TMAO on pathophysiological processes

TMAO - trimethylamine N-oxide; ASCVD - atherosclerotic cardiovascular disease; EPC — endothelial progenitor cells; HF - heart failure; MACE — major

cardiovascular events; TF — tissue factor; TM — thrombomodulin.
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Fig. 3. Therapeutic strategies affecting TMAQ levels and metabolism in humans. Detailed information included in Table 3, with consistent reference numbers

TMAO - trimethylamine N-oxide.

synchronization.?! Similar TMAO-induced abnormali-
ties in contractility were also reported in ex-vivo human
cardiac tissue.?

Results from studies on TMAO

Over the past 10 years, numerous studies investigat-
ing the prognostic value of TMAO have been conducted.
The research included various populations of patients,
both with acute and chronic illness. Most of those studies
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enrolled patients with coronary artery disease (CAD) and
heart failure (HF). Selected studies are discussed below
and summarized in Table 1.

The first meaningful study on the effect of TMAQO
in CAD was published in 2013.2% Tang et al. demon-
strated that higher plasma TMAO levels correlated with
an increased risk of major adverse cardiovascular events
(MACEs) during a 3-year follow-up in 4007 patients re-
ferred for elective coronary angiography.” The correla-
tion was revealed even after adjustment for traditional risk
factors. Similar findings were reported by Senthong et al.
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in a study of 2235 patients with significant coronary ar- by Lee et al.,? a significant association between higher lev-
tery stenosis receiving optimal treatment. Higher TMAO els of TMAO and increased risk of incident and recurrent
levels predicted mortality independent of traditional risk atherosclerotic CVD was shown.?” Another large commu-

factors during a 5-year follow-up.?* In a longitudinal study nity-based study of middle-aged participants revealed that

Table 1. Results of studies on the association of TMAO with cardiovascular risk

TMAO
[umol/L],
median (IQR)

Population
characteristics

Results

Author | Type of study HR/OR (95% Cl)

Follow-up Study endpoint

Coronary artery disease
_ B TMAO Q4 compared to Q1 3.7 (24-6.20)
ospective Comna? ang oaranh MACE HR 2.54 [1.96; 3.28]; p < 0.001 (3.0-88)
Tang et al.? P S:;d yUSE\ graphy 3years (death, myocardial multivariate HR 143 [1.05; 1.94] no MACE
Y 20063411 infarction, stroke) death HR 3.37 [2.39; 4.75]; p < 0.001 35uM
m;elsex_ﬁﬂ% nonfatal myocardial infarction or stroke (24-5.9);
) HR 2.13 [1.48; 3.05]; p < 0.001 p <0.001
n = 2235; patients with
stable coronary artery
Senthon rospective dlseealzect\?\l/zocz:fr\ea?\l o o sconbaed o JES oS
e 9 P St'f] o M e Y 5 years death (all-cause) death n =338 Q4>65,97
: ¥ C o HR 3.90 [2.78; 5.48]; p < 0.0001 (7.7-149)
age: 63 +11 years
male sex: 71%
n=5580 L 8;&;7)
USA quintile 5 compared to quintile 1 ?_ 229
age: 72 £5.3 years ASCVD defined multivariable HR 1.23 [1.04; 1.45]; a 8:1—2. 61)
male sex: 36% as Ml (fatal and p=0028 i uintiAIe
Fdhagie a) participants free nonfatal), fatal multivariable, diet and renal function Sq —132
pmult?center of prevalent cardiovascular coronary heart adjusted HR 1.08 [0.91; 1.29]; p = 0.579 R 0;_1‘59)
. disease (n =4131) disease, stroke a) multivariable, diet and continuous } ;
Leeetal® community- 15 years a)4.72
’ age: 72.2 +5.3 years (fatal and nonfatal), eGFR, adjusted HR 1.07 [0.90; 1.27]; p
based cohort : (3.19-7.69)
stud male sex: 36% sudden cardiac p=0516 <GFR 70.1
y b) participants with death, and other b) multivariable HR 1.25 [1.01; 1.56]; (162) ’
prevalent cardiovascular atherosclerotic p=0.009 b) S' 43
disease (n = 1449) death multivariable, diet and continuous G 57—'8 74)
age: 73.6 £5.8 years eGFR, HR 1.10 [0.87; 1.39]; p = 0.179 p §
male sex = 53% eGFR 638
- (17.9)
n = 2181; healthy  Dplopt Q4 compared to Q1
e admission and/
nested case- idiidals or death with CAD ns= 208
Tang etal.® Europe 8years . OR 1.86 [1.46; 2.37]; p < 0.001 34(2.3-5.7)
control study ) as underlying ® i 5
age: 65 +8 years adjusted for traditional risk factors OR
male sex: 65% saueldos et 158 [1.21; 2.06]; p < 0.001
; 410-414) o e :
TMAOT3 compared to T1
n =292 events
n=1079; acute MI all-cause mortality n=119
4 HR 1.21 [0.98; 1.48]
. . patients . 37 (46-64)
Suzuki retrospective all-cause mortality p=0074
7 UK 2years _ T3>5.1;85
etal. study death/MI death/MIn =232
age: 67 (57-77) years 3 (6.2-15.0)
male sex: 72% HR 1.40 [1.26; 1.55]
) p < 0.0005
multivariate HR 1.21 [1.03; 1.4]
p=0023
deathn=5
nonfatal myocardial infarction n =5,
n=112; STEMI patients unstable angina requiring
who underwent primary revascularization n =2
Matsuzawa = observational PCl median: cardiovascular nonfatal stroke n =5 6.76(3.82—
etal?® study Japan 54 years events TMAO >6.76 compared to <6.76 12.53)
age: 63 (56-71) years adjusted HR 6.21 [1.69; 30.285];
male sex: 88% p =0.005
adjusted HR for 0.1 increase in log
TMAO 1.343 [1.122; 1.636]; p = 0.001
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Table 1. Results of studies on the association of TMAO with cardiovascular risk — cont.

Population Results L)
Author Type of study e Follow-up Study endpoint HR/OR (95% Cl) {pmol/LJ,
median (IQR)
n = 530; patients
presenting
to the emergency
:;pggiﬁfnégé?f;gf;c MACE defined TMAO Q4 compared to Q1
P s P 3 as a composite MACE 1 month OR 6.30 [1.89; 21.0];
origin (112 troponin
T-positive) 1 month OFMi,stroke; el 428
: P ! revascularization, | MACE 6 months n = 220 (death n = 29) ¢
. 2 prospective USA 6 months, . : (2.55-7.91)
Lietal: or all-cause OR5.65[1.91;16.7); p < 0.01
study age: 624 +13.9 years 7 years, : ; i o 287
mortality (1 month, mortality 7 years HR 1.81 [1.04; 3.15];
male sex: 57.5% 1 year (1.94-4.85)
n=1683 who underwent Grmonths) pi=i05
coronary angiography all-cause mortality MACE n =119 (death n =79) (1 year
for ACS (7 years) Q4 HR 1.57[1.03; 241]; p < 0.05
Switzerland
age: 63.9 124 years
male sex: 77.8%
n = 335; patients with adjusted OR 1.16 [1.06; 1.29]; p = 0.001
e prospective STEMI SYNTA:;;C:C': = r=0237,p <0001 i
. observational China N/A e AUC 0656 [0.591; 0.722]; p < 0.001 e
. study age: 58.7 £12.1 years disease adjusted OR 1.15 [1.01; 1.32]; p = 0.035 : :
male sex: 80.6% r=0.192,p < 0.001
_ . . SYNTAX Score (r=0.61) p < 0.0001
n ;Viffé;tgﬂzt‘fgt':g“ adjusted OR 482; p < 0.0001
by elective coronar SYNTAX Score SYNTAX Score Il (r=0.62) p < 0.0001
Senthong | prospective Y VD Y i SYNTAX Score Il adjusted OR = 1.88; p = 0.0001 55mM
etal? cohort study 9 Ug A phy presence of diffuse 84 [5.7; 14.0] compared to 4.4 [5.2; (3.4-9.8)
age: 65.0 +11.0 years lesions 1331
9 ol %9& adjusted OR 2.05 [1.45; 2.90],
: p=00001
n = 26 patients with CAD
who underwent optical TMAO
. rupture
coherence tomography concentration
China in rupture efifesticed
5 TMAO level - lipid arc (r= 043, 10 No rupture
2 observational age: 60 +10 years compared to o
Fuetal. X N/A p=0031), 86+48
study male sex: 77% non-rupture TMAO | . . :
4 lipid volume index (r = 0.39, p = 0.048) compared
n =12 - plaque rupture concentration
t04.2+24;
group and plague
o p=0011
n =14 - non-plaque composition
rupture group
n = 146; STEMI with rupture
pre<intervention oprical rupture adjusted OR 406 [2.38;691); | _compared
: coherence tomography to erosion 3.33
prospective China TMAO p <0.001 (248-457)
Tanetal® | observational N/A rupture compared AUROC 0.89, X §
age: 57.0 £11.0 years . o compared
study . to erosion 1.95 uM sensitivity = 88.3%,
male sex: 82.2% specificity = 76.8% to1.21
n =77 - plaque rupture P sl (0.86-1.91);
n =69 — plaque erosion p <0.001
Heart failure
n = 720; stable subjects -
with HF, patients with death n=207
: W ) Q4 compared to Q1
single-center | ACS within the preceding ; o 2
- ; ; adjusted for traditional risk factors and
Tang et al prospective 30 days excluded 5 years all-cause mortality X X 5.0(3.0-85)
BNP HR 2.2 [142; 3.43]; p < 0.001
cohort study USA ) )
age: 66 +10 years adjusted for renal function HR
male sex: 59% 1.75(1.07; 2.86]; p < 0.001
n = 155; patients with
stable HF for >6 months CAD
(NYHA class I1-1V) gealh (o0 121195
prospective Europe all-cause and alfln =il DCM
Troseid : . median: 7 T3 compared to T1 unadjusted HR
= observational age: 57 +11 years anticipated ' W -92+85
Sl stud! male sex: 83% S mortality, i.e, HTx il ol e 00 health
Y ; D adjusted HR 1.79 [0.90; 1.79]; p = 0.097 Y
IG5 NYHA class IVIVIV r = 0.15, p < 0.05 coniol
n=75-DCM S ibss ~79489
n=7-other
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Table 1. Results of studies on the association of TMAO with cardiovascular risk — cont.

Author

Type of study

Population
characteristics

Follow-up Study endpoint

Zhou
etal®

Schuett
etal#

Suzuki
etal®

Israr et al.#2

Suzuki
etal®

Wei et al.#

Svingen
etal®

prospective
cohort study

retrospective
study

retrospective
study

retrospective
study

multicenter
prospective
study
(BIOSTAT-CHF)

prospective
study

retrospective
cohort study

n = 1208; patients with
chronic HF after MI
China
age: 73 (64-80) years
male sex: 68.5%

n = 2490; LURIC
population
Europe
n =823 — HF patients:
HFrEF (n = 428) and HFpEF
(n=395)

n = 972; patients with
acute HF
UK
age: 78 (69-84) years
male sex: 61%

n = 806; patients with
acute HF
UK
age: 78 (69-84) years
male sex: 61%

n = 2234; patients with
progressive worsening
or new-onset symptoms
of HF
UK
age: 70 (61-78) years
male sex: 74%

n =915; chronic HF
patients with reduced
ejection fraction
China
age: 57.1 £14.1 years
male sex: 69.9%

n = 3797; patients with
suspected stable angina
Europe
n=3143; community-
based control population
Europe

MACE, all-cause
mortality, HF
rehospitalization,
recurrent MI

median:
1.84 years

all-cause mortality

all-cause mortality

death due
to cardiovascular
causes

mean:
9.7 years

all-cause mortality

(death)

composite death
1 year

HF)

death at 30 days
n=62
death at 1 year
n=213
1 year

n=98

death/HF at 1 year

n=313

all-cause mortality

(3 years)
composite event
of mortality
combined with
rehospitalization

3 years

due to HF (3 years)

cardiovascular
death or HTx
(n=314)
recurrence
of HF + first
rehospitalization

median:
33 months,
max.
7 years

for cardiovascular

causes
Atrial fibrillation

median:
7.3 years diagnosis
community of AF during
control hospitalization
10.8 years

38

or rehospitalization
due to HF (death/

death/HF at 30 days

Results L0
; [pmol/L],
0/
HR/OR (95% Cl) median (IQR)
Q4 compared to Q1
MACE n =507
death n =56

readmitted with HF n = 384
recurrent Ml n = 67
unadjusted HR 3.15 [2.09; 4.73];
p<001
adjusted HR 2.31 [1.42; 3.59]; p < 0.01
all-cause mortality HR 2.15 [1.37; 3.24];
p<001

Q4>792
Q1<283

all patients
T3 compared to T1
death n=728
1.70[1.41;2.04]; p < 0.001
cardiovascular death n = 446
1.87 [1.48;2.38]
HFrEF
T3 compared to T1
death 2.33 [1.67; 3.24]; p < 0.001
cardiovascular death 2.27 [1.52; 3.37]
HFpEF - ns

death n =268
T3 compared to T1
univariate HR 1.35 [1.21; 1.51];

ii3>15:92
T1<390

5.6 (3.4-10.5)
T3=142
(8.2-151.5)
T1=29

death/HF HR 1.33 [1.20; 1.46]; (05-40)

p < 0.0005
adjusted for renal function - ns

T3 compared to T1
HR 1.39 [1.05; 1.84]; p = 0.022
HR 1.26 [1.08; 1.47] p = 0.004
HR 1.38[1.10; 1.73] p = 0.006
HR 1.25 [1.09; 1.42] p = 0.001
adjusted for renal function - ns

102 (5.8-187)

unadjusted HR 2.27 [1.90; 2.72];

p <0001
adjusted |HR 1.42 [1.13; 1.80];

p=0.003

unadjusted HR 1.93 [1.66; 2.23];
p <0001

adjusted HR
1.21[1.00; 1.46]; p = 0.054

5.9(3.6-108)

T3 compared to T1
HR 1.47 [1.13; 1.91]; p = 0.004
adjusted HR 1.33 [1.01; 1.74]; p = 0.039
high dose-dependent association: first
rehospitalization for cardiovascular
causes (p = 0.002)
recurrence of HF (p = 0.003)

2.52
(1.20-4.76)
T13>3.770
T1 <1574

m=412
Q4 compared to Q1
adjusted HR 1.16 [1.05; 1.28]; p = 0.0009
community control n = 484
adjusted HR 1.10 [1.004; 1.19]
per 1 standard deviation increase
in log-transformed plasma TMAO

Q4>158
(11.9-235)
Q<27
(22-32)




920 R. Konieczny, W. Kuliczkowski. TMAQ in cardiovascular diseases

Table 1. Results of studies on the association of TMAO with cardiovascular risk — cont.

TMAO
[umol/L],
median (IQR)

Population Results

Author Type of study Follow-up Study endpoint

characteristics HR/OR (95% Cl)

n = 117; consecutive
rheumatic heart disease
patients with AF

Gon prospective age: 57 (50-64) years c%r:_?&;sgn TMAGO, group | compared to group |I:
?9 observational male sex: 41% N/A ; 4.55[3.19; 4.83] compared to N/A
etal: concentration

cohort study n =25 - patients with
cardiac thrombi
n =92 - patients without
cardiac thrombi

between 2 groups 353 2:96:425]; p=001

ACS — acute coronary syndrome; DCM — dilated cardiomyopathy; MACE — major adverse cardiac event; TMAO — trimethylamine oxide; a —age; m — male;
Q- quartile; T - tertile; HR — hazard ratio; OR — odds ratio; 95% Cl — 95% confidence interval; IQR — interquartile range; AUROC — area under the receiver
operating characteristic curve; ASCVD - atherosclerotic cardiovascular disease; CAD - coronary artery disease; Ml — myocardial infarction; HF - heart failure;
HFrEF - heart failure with reduced ejection fraction; HFpEF — heart failure with preserved ejection fraction; BNP — brain natriuretic peptide; HTx — heart
transplantation; LURIC — Ludwigshafen Risk and Cardiovascular Health; PCl — percutaneous coronary intervention; SYNTAX — synergy between percutaneous
coronary intervention with taxus and cardiac surgery score; STEMI - ST-segment elevation myocardial infarction; NYHA — New York Heart Association;

eGFR - estimated glomerular filtration rate; N/A — not available/not applicable; AUC — area under the curve; AF — atrial fibrillation; N/A — not applicable;

ns — nonsignificant.

higher TMAO levels are associated with the risk of CAD the extent of atherosclerosis are therefore the cumula-
in previously healthy individuals.?® tive effect of many processes. Accordingly, TMAO is one

The prognostic value of TMAO was also assessed of the bystanders rather than the single and direct caus-
in patients with acute coronary syndrome (ACS). In- ative agent of vascular complications of CKD.

creased TMAO levels showed an association with the risk

of death or recurrent myocardial infarction (MI) during .

a 2-year follow-up,” as well as with future cardiovascular Heart failure
events during a 5-year follow-up.?® Importantly, the risk

persisted despite the improvement regarding traditional There is a considerable body of evidence on the role
cardiovascular risk factors such as hypertension, dyslip- of TMAO as a prognostic marker in patients with HF.
idemia or diabetes.? In another interesting study, Li et al. These associations were studied in the chronic and acute
showed that increased TMAO levels were a risk factor for settings as well as depending on the preserved or reduced
MACEs at 30 days and 6 months in patients presenting with ejection fraction and the burden of symptoms.
chest pain of suspected cardiac origin.? The strong prog- A significant association between increased TMAO lev-
nostic significance of TMAO was observed irrespective els and mortality risk in patients with chronic HF (CHF)
of baseline troponin levels and the final diagnosis of ACS. was first described in 2014.% Subsequent studies reported
In the same study, in an independent cohort of patients with associations with the New York Heart Association (NYHA)
ACS who underwent coronary angiography due to ACS, functional class and CHF after MI.383% Schuett et al.
higher TMAO levels were associated with an increased risk demonstrated that increased TMAO levels were a strong
of MACEs at 1 year, independent of traditional risk factors. predictor of mortality in patients with HF with reduced
In addition to predicting future MACEs, plasma TMAO ejection fraction, but not in those with preserved ejection
levels were shown to correlate with the extent of CAD and fraction, over a mean follow-up of 9.7 years.*
atherosclerotic plaque stability. Studies conducted to date Several studies reported data on the effect of increased
have revealed an association between TMAO levels and TMADO levels on disease course and prognosis in patients
the SYNTAX Score, multivessel CAD?*3! and the risk with acute HE. Suzuki et al. showed that elevated TMAO
of atherosclerotic plaque rupture.3>33 Finally, it was reported levels were a strong predictor of mortality or rehospital-
that TMAO could act as a mediator of clopidogrel resistance ization at 1 year.*! However, after adjustment for renal
and inhibit clopidogrel effects, which has significant impli- confounders, the correlation was no longer significant,*
cations for the medical treatment of CAD.3* which is in line with the results of a more recent study
In the context of atherosclerosis, TMAO has also been by Israr et al.*? In a multicenter study including patients
investigated in patients with chronic kidney disease with new-onset or progressive HF, higher TMAO levels
(CKD).3>3¢ As renal function deteriorates, TMAO level were strongly associated with an increased risk of mor-
increases and correlates with coronary atherosclerosis tality and/or rehospitalization during 1-, 2- and 3-year
burden,® gut microbiota alterations, increased intesti- follow-up. In line with previous studies, TMAO levels were
nal permeability, chronic inflammation, and endothe- not reduced by optimal treatment.*®
lial dysfunction.®® Chronic kidney disease has complex The association between elevated TMAO levels and poor

pathogenesis and dynamics. The higher risk of death and prognosis in patients with HF has not been fully elucidated
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so far. Apart from gut microbiota, the role of FMO3 poly-
morphism has been postulated.** Moreover, Li et al.
suggested a potential inhibitory effect of loop diuretics
on renal excretion of TMAO, resulting in its retention
in tissues.*®

Atrial fibrillation

The role of TMAO as a risk factor or mediator of atrial
fibrillation (AF) has not been determined so far.*¢ A study
on 2 Norwegian cohorts indicated that high TMAO levels
were associated with a risk of incident AF, independent
of traditional risk factors.”’ In the AF-RISK study, higher
TMAO levels were associated with progression to perma-
nent AF.*8 Finally, the proarrhythmic and prothrombotic
effects of TMAO can result in increased risk of thrombus
formation in patients with AF.#

Results from meta-analyses

There are several meta-analyses assessing TMAO lev-
els as a predictor of mortality or other adverse events
in patients with CVD.5-55 The results strongly indicate
that elevated TMAO levels are a significant risk factor
for death and MACEs. Selected meta-analyses are sum-
marized in Table 2.

Interventions aimed at reducing
TMAO levels and toxicity

The knowledge of TMAO synthesis, metabolism and
excretion pathways allows investigators to study in-
terventions aimed at reducing TMAO toxicity. Some
of the conclusions were formulated on the basis of ran-
dom findings derived from other studies. Examples include

the association between statin use and reduced TMAO
levels® or between aspirin use and reduced TMA synthe-
sis.”” In both cases, the lowering effect was probably due
to drug-induced alterations in gut microbiota.

A standard targeted approach is to reduce the dietary
intake of TMA precursors and TMAO. The elimination
of red meat from diet results in reduced TMAO levels
after 4 weeks,” while vegetarians and vegans have lower
circulating TMAO levels and a lower capacity to synthe-
size TMA, probably due to changes in gut microbiota.'”
The beneficial effect of Mediterranean diet on reducing
TMAO levels is primarily due to the high intake of plant
foods,’® although the results of studies are equivocal.>

The use of broad-spectrum antibiotics was shown to sup-
press gut microbiota and reduce TMAOQ levels. However,
antibiotic therapy does not offer satisfactory long-term
outcomes and is associated with a high risk of side effects.!!
Rifaximin has been reported to be a safer alternative, but
the results of the recent GUTHEART study are insufficient
to confirm this suggestion.®® Other interventions include
supplementation with probiotics,® gut bacteria transplant
from healthy donors,®? bariatric surgery,®® resveratrol,®*
and meldonium.® Current interventions are summarized
in Table 3 and Fig. 3.

Review limitations and gaps
in knowledge

The possibility of discussing all ongoing studies in mi-
crobiota biomarkers is beyond the scope of this review.
For now, to the best of our knowledge, despite the ex-
tensive literature supporting its usefulness, TMAO has
not been identified as an established biomarker in CAD
or HF guidelines. Perhaps, the ongoing research will
consolidate the use of TMAO and other gut microbiota
metabolites such as bile acids and short chain fatty acids
in everyday practice. Linking the metabolism of the gut

Table 2. Results of meta-analyses on the association of TMAO with cardiovascular risk

Population

Author (number of studies

Endpoints

Results
RR/HR (95% CI)

included)

Heianza et al.*° n=19,256(19) MACCE, death

Schiattarella et al.®' n= 26,167 (26) MACCE, death

Qietal*? n=7716(11) cardiovascular events, death
Farhangi®? n= 31,230 (20) death

Lietal* n = 6879 (7) MACE, death

Guasti et al.*® n=923(3) MACE, death

MACE: RR 1.62 [1.45; 1.80]; p < 0.001, I = 23.5%
death: RR 1.63 [1.36; 1.95]; I> = 45.9%

MACCE: RR 1.67 [1.33; 2.11]; p < 0.00001, I = 46%
death: RR 1.91 [1.40; 2.61]; p < 0.0001, I = 94%

cardiovascular events: RR 1.23 [1.07; 1.42]; 12 = 31.4%
death: RR 1.55[1.19; 2.02]; 1> = 80.8%

death: RR 1.466 [1.291; 1.665]; p < 0.001, 1> =81.9%

MACE: T3 compared to T1: HR 1.68 [1.44; 1.96]
death: T3 compared to T1: HR 1.67 [1.17; 2.38]

MACE: RR 2.05 [1.61; 2.61]; I = 50%
death: RR 342 [2.27;5.15]; 1> = 0%

TMAOQ - trimethylamine oxide; MACE — major adverse cardiac events; MACCE — major adverse cardiac and cerebrovascular events; CVE — cardiovascular

events; HR — hazard ratio; RR - risk ratio; T - tertile; Cl - confidence interval.
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Table 3. Results of studies assessing therapeutic strategies aimed at reducing TMAO levels

Author

Type of study

Population/
model

Intervention

Endpoint

Results

Comment

Lietal®

Zhu et al®’

Wang etal®

Awoyemi
etal®

Boutagy
etal®

Smits
etal®

Treseid
etal®

retrospective
study; 3-year
follow-up

prospective
study

prospective
study

prospective

randomized,

double-blind
study

randomized
double-blind,
placebo-
controlled

double-blind
randomized
pilot study

observational
study

n =4007;
sequential
patients
undergoing
elective
diagnostic
coronary
angiography

healthy vegans/
vegetarians
(n = 8); healthy
omnivores
(n=10) orally
supplemented
with choline

n = 113; healthy
adult participants
all omnivores

n=151; patients
with LVEF < 40%;
NYHA class II-1ll
despite optimal
medical therapy

n=19; healthy,
non-obese males
(18-30 years)

n = 20; male
patients with
metabolic
syndrome

n = 34; obese
patients (17 with
and 17 without
type 2 diabetes)
undergoing
bariatric surgery

statin use

aspirin 81 mg/day
for 3 months

discontinuation
of red meat intake
to non-meat
or white meat

3 months:
rifaximin, 550 mg
twice daily,
250 mg
3 months:
probiotic
Saccharomyces
boulardii NCM
|-745 500 mg
twice daily
standard of care
only

4-week
hypercaloric
(+1000 kcal
day-1), high-fat
diet (55% fat) +
VSL#3 (900 billion
live bacteria) orally
placebo

vegan-donor FMT

bariatric surgery
laparoscopic
Roux-en-Y gastric
bypass
duodenal switch

MACE, defined
as death,
myocardial
infarction, or stroke;
reduction of TMAO
concentration

reduction of TMAO
concentration

reduction of TMAO
concentration

LVEF after 3 months
of intervention
baseline-adjusted
NT-proBNP
baseline-adjusted
TMAO

reduction of TMAO
concentration

conversion
of choline and
carnitine to TMA
and TMAO
fasting plasma
TMAQ level
TMA/TMAO urinary
excretion

abseline plasma
TMAQ level

preoperatively

(after 3 months
of lifestyle

intervention)
1 year after bariatric
surgery

41

n = 322 MACE by 3 years
statin use associated with
decreased MACE: HR 0.74,

95% Cl: [0.60; 0.93]; p = 0.0089
plasma TMAO associated with

increased MACE: HR 1.57,

95% Cl: [1.40; 1.76]; p = 2.4e-14
statin use associated with
decreased TMAO (3.9 compared
t04.3) p=0.002

aspirin attenuated TMAO elevation
TMAO:
choline compared to choline + ASA
36.9 +9.4 compared to 21.2 +3.0;
p=0.009

no meat - TMAO reduction;
p < 0.0001
white meat — TMAO reduction;
p < 00001

LVEF: rifaximin compared
to standard of care mean
difference: —1.2 pp (3.2-0.7);
p=022
Saccharomyces boulardii —0.2 pp
(22-19);p=087
NT-proBNP: no significant effects
rifaximin p = 0.28
S. boulardii: increase; p = 0.03
TMAQO: no significant effects
rifaximin; p = 0.8
Saccharomyces boulardii p = 0.16

plasma TMAO level increased
significantly
VSL#3 (89+66%); p < 0.05
placebo (115 £61%); p < 0.05
VSL#3 compared to placebo:
p>005

no signifficant effect; p > 0.05

no significant effect of 3-month

lifestyle intervention preoperatively;

1 year after bariatric surgery TMAO
plasma levels more than doubled
(HR 10.5,95% Cl: [7.5; 13.5])
compared to preoperative (HR 4.4,
95% Cl: [2.8; 6.0]; p < 0.001)
compared to baseline (HR 4.7,
95% Cl: [3.7; 5.8]; p < 0.001),
regardless of surgical method

suspected
mechanism:
alteration in gut
microbiome activity

suspected
mechanism:
alteration in gut
microbiome activity

N/A

patients low
in baseline dysbiosis
low dose
of rifaximin

VSL#3 does not
influence plasma
TMAO following

a high-fat diet

significant changes
in intestinal
microbiota
composition did
not affect TMAO
metabolism;
residual capacity
to convert
precursors to TMAO
in vegans?
short follow-up
(2 weeks)

mechanism:
changes in gut
microbiota profile
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Table 3. Results of studies assessing therapeutic strategies aimed at reducing TMAO levels - cont.

Population/ 7 .
or Type of study oaal Intervention Endpoint Results
double-blind, gﬁgisﬁemngfe
Annunziata rangtzemt;ze_d, n =380; healthy | nutraceutical (rich | reduction of TMAO plastma TMAO(reOd(;JOcsu](;n (Ha78%, N/A
etal® P individuals in resveratrol) concentration Dt
controlled . . 8 weeks — 75.85%; p < 0.0001
study 400 mg twice daily
4 weeks, 8 weeks
diet compared to diet +
meldonium
meldonium 4 plasma: 81.5 +8.6 mM compared
D open label, orally, 500 mg iedhction OfTMAO 10 43.0 £3.8 mM; p < 0.05
ambrova | . : n = 8; healthy . z concentration 2
- interventional twice daily, 7 days = excretion: 18.2 £2.2 mmol/mg N/A
etal! volunteers X N urine TMAO -
study during TMAO-rich e i creatinine x 7 days compared
diet t0 243 £1.5 mmol/mg
creatinine x 7 days;
p<005

LVEF - left ventricular ejection fraction; MACE — major adverse cardiac event; N/A — not available/not applicable; NYHA — New York Heart Association
functional classification; TMAO - trimethylamine oxide; NT-proBNP — N-terminal pro-B-type natriuretic peptide; FMT - fecal microbiota transplant;
TMA — trimethylamine; ASA — acetylsalicylic acid (aspirin); HR — hazard ratio; 95% Cl — 95% confidence interval.

microbiota to CVD is an attractive topic of ongoing re- 7. Cho CE, Aardema NDJ, Bunnell ML, et al. Effect of choline forms and
search. It is worth mentioning the studies NCT0496276366 gut microbiota composition on trimethylamine-N-oxide response

67 . . in healthy men. Nutrients. 2020;12(8):2220. doi:10.3390/nu12082220
and NCT02728154,” which will deepen the knOWIedge 8. Janeiro MH, Ramirez MJ, Milagro Fl, et al. Implication of trimethyl-
on the correlation of the intestinal microbiota with HF. amine N-oxide (TMAO) in disease: Potential biomarker or new ther-
The study NCT05014880 is going to assess the effective- apeutic target. Nutrients. 2018;10(10):1398. doi:10.3390/nu10101398

. . . . A 9. Stremmel W, SchmidtKV, SchuhmannV, et al. Blood trimethylamine-

ness of a dletary Intervention reducmg dletary TMAO N-oxide originates from microbiota mediated breakdown of phos-

levels during the rehabilitation of CAD patients.®® phatidylcholine and absorption from small intestine. PLoS One. 2017;

12(1):e0170742. doi:10.1371/journal.pone.0170742

10. Taesuwan S, Cho CE, Malysheva OV, et al. The metabolic fate of iso-

. topically labeled trimethylamine-N-oxide (TMAO) in humans.
Conclusions JNutr Biochem. 2017:45:77-82. doi:10.1016/j jnutbio.2017.02.010

11. Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metabolism of phospha-
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What Is New?

o The predictive value of trimethylamine N-oxide (TMAO) levels is highly limited by other factors.
Therefore, mortality in high-risk patients with cardiovascular disease (CVD) is determined by a com-
bined effect of multiple factors that significantly affect not only the risk of death but also the TMAO
levels themselves. This should be considered when assessing the prognosis of patients with CVD.

Keywords
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Trimethylamine N-oxide

Abstract

Introduction: Trimethylamine N-oxide (TMAO) is an organic
compound with a well-established involvement in the
pathogenesis of cardiovascular disease (CVD). However,
data on the links between TMAO levels and cardiovascular
mortality in Polish patients are lacking. Objectives: We
aimed to assess the relationship between serum TMAQ lev-
els and 5-year mortality in Polish patients with CVD. Patients
and Methods: We retrospectively assessed serum TMAO lev-
elsin 1,036 consecutive patients (median age, 62 years; men,

61%) hospitalized between 2013 and 2015. Correlations be-
tween TMAO levels and 5-year mortality as well as anthropo-
metric and biochemical parameters were assessed for the
whole population and the subgroups of patients with acute
coronary syndrome, stable coronary syndrome (SCS), chron-
ic heart failure (HF), and atrial fibrillation (AF). Results: In the
univariate analysis, increased TMAO levels predicted 5-year
mortality without clinically significant power (hazard ratio
[HR], 1.01; 95% Cl: 1.006-1.018; p < 0.0001). However, even
this weak effect was lost in the multivariate analysis after ad-
justment for age, sex, comorbidities, and laboratory param-
eters. In the whole study group, TMAQ levels in the fourth
quartile of concentration (>6.01 pm) predicted 5-year mor-
tality only in the univariate analysis (HR: 1.55; 95% CI: 1.34—
1.79; p < 0.0001). In subgroup univariate analysis, TMAO lev-
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Table 1. Characteristics of the whole study population and a comparison between deceased patients and survivors at 5-year follow-up

Parameter Study population Death at 5 years p value?
(n=1,036)
yes(n=171) no (n = 865)

Age, years, mean (SD) 62.0(14.1) 68.9 (11.1) 60.7 (14.3) <0.0001
Male sex, % 61.1 73.0 58.8 <0.001
TMAO, pm 4.06 (2.79-6.01) 5.65 (3.48-8.94) 3.86 (2.70-5.62) <0.0001
ACS, % 17.0 327 19.4 <0.001
SCS, % 42,5 57.1 40.0 <0.0001
Chronic HF, % 28.1 54.7 234 <0.0001
AF, % 26.7 432 234 <0.0001
Other types of arrhythmia, % 16.4 14.7 85.2 0.48
Conduction disorders, % 44.0 13.1 86.8 0.01
PCl during hospitalization, % 21.0 311 233 0.051
Previous PCl, % 144 25.7 16.9 0.017
Previous CABG, % 7.6 122 6.7 0.012
Diabetes, % 247 35.2 226 <0.001
Hypertension, % 71.7 81.8 69.7 0.0012
Smoking, % 232 30.0 219 0.026
NYHA class (% of patients with chronic HF)

| 7.0 8.7 6.3 0.16

] 555 483 58.8

1] 34.0 377 323

\" 33 53 26
CCS, %

| 10.2 6.0 1.3 0.65

Il 543 575 535

1] 322 333 320

\" 3.1 3.0 3:1
LVEF, % 60 (50-65) 50 (37-65) 65 (55-66) <0.0001
eGFR, mL/min 68 (55-80) 58 (44-72) 69 (58-81) <0.0001
hsCRP, mg/L 3.47 (1.33-13.3) 7.79 (2.64-30.8) 3.11(1.24-10.1) <0.0001
HbA;, % 5.70 (5.40-6.20) 5.90 (5.50-6.65) 5.70 (5.40-6.10) 0.018
TC, mg/dL 182 (149-216) 171 (135-207) 184 (151-218) 0.0028
LDL-C, mg/dL 104 (80-136) 97 (33-249) 106 (83-136) 0.094
HDL-C, mg/dL 45 (37-55) 42 (34-51) 46 (38-55) <0.001
Triglycerides, mg/dL 124 (95-169) 115 (89-155) 127 (96-172) 0.018
ASA, % 54.8 64.0 529 0.0085
Clopidogrel, % 294 28.1 35.1 0.075
OAC, % 289 434 26.0 <0.0001
ACEls, % 70.2 76.1 69.0 0.066
ARBs, % 7.19 3.01 8.02 0.022
(3-Blockers, % 81.2 92.2 79.0 <0.0001
Statins, % 79.1 89.2 77.0 <0.001
Loop diuretics, % 19.1 434 143 <0.0001

Data are presented as median (IQR) unless indicated otherwise. ACEIl, angiotensin-converting enzyme inhibitor; ACS, acute coronary
syndrome; AF, atrial fibrillation; ARB, angiotensin receptor blocker; ASA, acetylsalicylic acid; CABG, coronary artery bypass grafting; CCS,
Canadian Cardiovascular Society grading of angina pectoris; eGFR, estimated glomerular filtration rate; HbA,, glycated hemoglobin A;;
HDL-C, high-density lipoprotein cholesterol; HF, heart failure; hsCRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein
cholesterol; LVEF, left ventricular ejection fraction; OAC, oral anticoagulation; PCl, percutaneous coronary intervention; TC, total cholesterol;
TMAO, trimethylamine N-oxide. ? Deceased patients versus survivors at 5-year follow-up.

was 16.5% (171 deaths). Most clinical and biochemical ~male, and had higher levels of TMAO, high-sensitivity
parameters differed between deceased patients and sur-  C-reactive protein, and glycated hemoglobin HbA,.
vivors. Deceased patients were older, were more often  Moreover, they had lower total cholesterol, high-density
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Fig. 1. Kaplan-Meier survival curves in study subgroups divided according to the quartiles of TMAO levels (Q1,
Q2,Q3, and Q4 - quartiles 1, 2, 3, and 4, respectively).

lipoprotein, and triglyceride levels. They also had lower
estimated glomerular filtration rate (eGFR) and left ven-
tricular ejection fraction. They more often used acetyl-
salicylic acid, oral anticoagulation, B-blockers, statins,
loop diuretics, and angiotensin receptor blockers and
more often presented with ACS, SCS, chronic HF, AF,
diabetes, hypertension, and a history of smoking than
survivors. Finally, deceased patients more often had pre-
vious percutaneous coronary intervention and coronary

artery bypass grafting.

Effect of TMAO Levels on Mortality in the Whole

Study Population

The univariate Cox proportional hazards regression
model revealed that higher TMAO levels predicted
5-year mortality without clinical significance (hazard ra-
tio [HR], 1.01; 95% CI: 1.006-1.018; p < 0.0001). How-
ever, in the multivariate model adjusted for mortality
risk factors listed in Table 1 (i.e., age, sex, comorbidities,

446 Cardiology 2022;147:443-452
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and laboratory parameters), even this weak correlation
was no longer significant (HR: 1.01; 95% CI: 0.99-1.04;
p=0.19).

For a more detailed analysis, TMAO levels were di-
vided into quartiles and compared using the Kaplan-Mei-
er method. A significant difference was noted in survival
between patients with TMAO levels in the highest quar-
tile versus those with TMAO levels in the remaining
quartiles (x> = 49.61; p < 0.00001; Fig. 1).

A separate Cox proportional hazards regression anal-
ysis was performed for TMAO levels according to quar-
tiles. In the univariate analysis, TMAO levels in the
highest quartile were a significant predictor of 5-year
mortality in the study population (HR: 1.55; 95% CI:
1.34-1.79; p < 0.0001). However, in the multivariate
model adjusted for mortality risk factors listed in Ta-
ble 1, the predictive value of TMAO levels in the highest
quartile was no longer significant (HR: 1.13; 95% CI:
0.87-1.46; p = 0.35).
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Fig. 2. Left-hand panel shows survival probability in the whole study group depending on the cutoff value for
trimethylamine N-oxide (TMAO) levels of 5.94 uM (log-rank statistic = 7.07 at p < 0.00001). The right-hand
panel presents the ROC curve analysis; the black diamond indicates the cutoff value for TMAO levels of 5.94 um
for predicting higher mortality risk at 5 years with a sensitivity of 48% and specificity of 80%.

Table 2. Levels of TMAO in study subgroups according to survival at 5 years

Subgroup Whole subgroup Death at 5 years p value?

ACS (n=177) 4.27 (2.87-5.92) Yes (n=37) No (n = 140) 0.23
4.42 (3.31-7.45) 4.15 (2.83-5.71)

SCS (n = 441) 4.29 (2.94-6.67) Yes (n = 96) No (n = 345) <0.00001
6.26 (2.70-10.1) 4.00 (2.84-5.88)

Chronic HF (n=292) 491 (3.37-7.44) Yes (n =93) No (n=199) <0.001
5.84 (4.12-8.94) 4.65 (3.27-6.74)

AF (n=277) 4.86(3.37-7.41) Yes (n=74) No (n =203) <0.0001

6.61(4.57-10.19)

4.46 (3.23-6.41)

Data are presented as median (IQR). Abbreviations: see Table 1. ? Deceased patients versus survivors at 5-year follow-up.

In the ROC curve analysis for the whole population,
TMAO levels higher than 5.94 uM identified patients at
greater risk of death at 5 years, with low sensitivity of 48%
and a specificity of 80% (area under the ROC curve: 0.67;
95% CI: 0.62-0.71; p < 0.0001; Youden index, 0.28; Fig. 2).
For the cutoff value determined in the ROC curve analy-
sis, the Kaplan-Meier survival probability curves were
plotted with a significant difference of probability (log-
rank test, 7.07; p < 0.00001; Fig. 2).

TMAO in Cardiovascular Disease

Effect of TMAO on Mortality in Study Subgroups

To obtain a more detailed insight into the effect of
higher TMAO levels on mortality in patients with CVD,
we divided patients into subgroups with ACS, SCS, chron-
ic HF, and AF. The levels of TMAO in the study sub-
groups according to survival at 5 years are presented in
Table 2. The univariate Cox proportional hazards analy-
sis indicated a significant association between higher
TMAO levels and mortality in patients with SCS, chronic
HF, and AF. However, in the multivariate analysis ad-
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Fig. 3. Panels on the left-hand side show survival probability de-
pending on the cutoff trimethylamine N-oxide (TMAO) levels.
Stable coronary syndrome (SCS): log-rank statistic = 5.14; p <
0.0001; heart failure (HF): log-rank statistic = 3.49; p < 0.001; atri-
al fibrillation (AF): log-rank statistic = 4.12; p < 0.0001. Panels on
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the right-hand side present the results of the ROC curve analysis.
The black diamond indicates the cutoff value for TMAO levels for
predicting higher mortality risk in 5 years. SCS: 6.41 pM, sensitiv-
ity, 58%; specificity, 80%; HF: 6.52 uM; sensitivity, 50%; specificity,
75%; AF: 4.97 uM; sensitivity, 68%; specificity, 60%.
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justed for mortality risk factors (Table 1), TMAO levels
were no longer a significant predictor of 5-year mortality

(Table 3).

ROC Curve Analysis of Study Subgroups

The ROC curve analysis determined significant cutoff
values for TMAO levels for the subgroups of patients with
SCS, chronic HF, and AF, in which TMAO levels were
shown to be a significant predictor of mortality in the uni-
variate Cox proportional hazards analysis (Table 4;
Fig. 3). For the cutoff values determined in the ROC curve
analyses for these subgroups, the Kaplan-Meier survival
probability curves were plotted with a significant differ-
ence of probability for a given cutoff value (Fig. 3).

Correlations between TMAO Levels and Clinical

Parameters

For quantitative variables, TMAO levels were positive-
ly correlated (p < 0.05) with age (r; = 0.28), the levels of
high-sensitivity C-reactive protein (r; = 0.12), HbA. (r,
=0.27), and triglycerides (r, = 0.09), while inversely with
left ventricular ejection fraction (r; = —0.12), eGFR (r; =

Table 3. Univariate and multivariate Cox proportional hazards
model for the effect of TMAO levels on 5-year mortality in study
subgroups

Subgroup HR 95% Cl p value
Univariate analysis
ACS (n=177) 1.00 0.98-1.01 0.95
SCS (n=441) 1.01 1.00-1.02 0.001
Chronic HF (n = 292) 1.01 1.00-1.03 0.033
AF (n=277) 1.02 1.00-1.04 0.018
Multivariate analysis
ACS (n=180) 1.00 0.98-1.02 0.70
SCS (n=441) 1.02 0.99-1.04 0.089
Chronic HF (n = 292) 1.00 0.98-1.02 0.56
AF (n=277) 1.01 0.98-1.03 0.42

Abbreviations: see Table 1.

-0.42), and high-density lipoprotein levels (r, = —0.14).
For dichotomous variables, TMAO levels were positively
correlated with the presence of diabetes (r; = 0.24), SCS
(ry=0.1), chronic HF (r, = 0.24), arterial hypertension (r,
=0.17),and AF (r,= 0.19). The correlations were weak or
very weak. The strongest correlation was an inverse cor-
relation with eGFR.

Correlations between TMAO Levels and

Multimorbidity

Considering the high prevalence of comorbidities in
the study population, we investigated an association be-
tween TMAO levels and multimorbidity. We focused on
such comorbidities as ACS, SCS, chronic HF, AF, arterial
hypertension, and arrhythmias or conduction disorders.
The presence of 1 comorbidity was noted in 130 patients;
2 comorbidities in 260 patients; 3 in 338 patients; 4 in 191
patients; 5 in 85 patients; and all 6 comorbidities were
present in 32 patients. Multimorbidity was positively cor-
related with TMAO levels (Kendall Tau = 0.20; p < 0.05).
There were also significant differences in TMAO levels
between the subgroups, particularly between patients
with 1 or 2 comorbidities and the remaining subgroups.

Discussion

The univariate analysis revealed that increased TMAO
levels were associated with only 1% increase in the relative
risk of death at 5-year follow-up. However, even this clin-
ically insignificant predictive value was no longer statisti-
cally significant in the multivariate analysis. At the same
time, patients with TMAO levels in the highest quartile
showed a 55% higher risk of death at 5 years compared
with those with TMAO levels in the lowest quartile, al-
though the association was no longer significant in the
multivariate analysis. The cutoff value of TMAO levels
determined in the ROC curve analysis (5.94 uM) had alow
sensitivity and an acceptable specificity for predicting a
higher risk of death in the whole study population.

Table 4. Cutoff points for TMAO levels; results of the ROC curve analysis

Subgroup Cutoff point (95% Cl) Youden index (95% Cl) AUC (95% Cl) p value
SCS 6.41 (3.80-6.98) 0.36 (0.22-0.45) 0.70 (0.62-0.77) <0.0001
Chronic HF 6.52 (3.86-7.74) 0.25(0.08-0.33) 0.64 (0.56-0.72) <0.001
AF 4.97 (3.86-5.94) 0.27 (0.14-0.35) 0.65 (0.57-0.72) <0.001

AUC, area under the receiver operating characteristic curve; others, see Table 1.
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Compared with the results of meta-analyses [18, 19]
on various populations of patients with higher cardiovas-
cular risk, our univariate analysis showed clinically insig-
nificant increase in the risk of mortality. However, for
TMADO levels in the highest quartile, the relative risk of
mortality in our study was similar to the results of meta-
analyses that applied tertile, quartile, and quintile com-
parisons [18, 19]. The relative risk reported by meta-anal-
yses ranged from 1.466 (95% CI: 1.291-1.665); p < 0.001
[18] to 1.91 (95% CI: 1.40-2.61); p < 0.0001 [19].

In our univariate analysis, higher TMAO levels were a
significant predictor of mortality in patients with SCS,
chronic HF, and AF. However, the increase in the relative
risk of mortality by 1-2% in these subpopulations was no
longer significant in the multivariate analysis adjusted for
other mortality risk factors. In the ROC analysis, the cutoff
values of TMAO levels showed low sensitivity and a max-
imum specificity of 80% for predicting mortality at 5 years.

In previous studies of patients with coronary artery
disease, higher TMAO levels predicted mortality inde-
pendently of traditional risk factors at 3-year [10] and
5-year follow-up [11]. The median TMAO levels were 3.7
uM (IQR, 2.4-6.20) [10] and 3.8 (IQR, 2.5-6.5) M, re-
spectively [11], which is lower than in our patients with
SCS (4.29 uM [IQR, 2.94-6.67]). Additionally, in our
study, median TMAO levels were higher in deceased pa-
tients with SCS (6.26 uM [IQR, 2.70-10.1]; p < 0.00001).
At the same time, the cutoff value of 6.41 uM is close to
the upper quartile reported by Senthong et al. [15]. De-
spite the higher TMAO levels than in the above studies
[10, 11], there was clinically insignificant increase in the
mortality risk of patients with SCS (1-2%), and after ad-
justment for other mortality risk factors, TMAO levels
lost their statistical significance.

Considering the methodology adopted in our study, we
cannot conclude that TMAO levels are an independent
predictor of mortality in patients with SCS. However, in
the analysis by the quartiles of TMAO levels, the Kaplan-
Maier curves revealed significant differences in survival.

Importantly, the mortality rate in the study by Sen-
thong et al. [11] was 15.1% as compared with 21% in our
patients with SCS. This suggests the potential influence of
other factors in our patients. Similarly, our results for the
population of patients with ACS do not correspond with
previous studies including patients with ST-segment el-
evation myocardial infarction [12] and acute myocardial
infarction [13], which reported high TMAO levels to be
an independent predictor of death.

In the multivariate analysis, increased TMAO levels
were not significantly associated with mortality in pa-
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tients with chronic HF, which is in line with the results
reported by Troseid et al. [14]. Similar to our study, they
included age, kidney function, and diabetes in the multi-
variate analysis, among other factors. Also, Tang et al.
[15] revealed a significant association of TMAO levels
with mortality, even after adjustment for eGFR. However,
as the authors admit themselves, most of their patients
had normal kidney function.

To our knowledge, no previous studies have assessed
the effect of TMAO on mortality in patients with AF. In
our study, deceased patients with AF showed significant-
ly higher TMAO levels than survivors. However, TMAO
levels were no longer an independent predictor in the
multivariate analysis. Previous studies described a corre-
lation between higher TMAO levels with thrombus for-
mation in patients with AF [16]. Higher TMAO levels
seem to be linked with a higher risk of thromboembolic
events, but their ultimate effect on the risk of death may
also depend on such factors as age, comorbidities, and
concomitant medical therapy.

The strongest correlation between TMAO levels and
clinical parameters was shown for eGFR, age, and the
presence of diabetes. Previous studies investigated the
cause-and-effect relationship between the increasing
TMAO levels and kidney damage, including also in pa-
tients with diabetes [4]. This relationship probably works
in both directions, and the possible underlying patho-
physiological mechanism is the impaired renal clearance
of TMAO as well as the common coexistence of chronic
CVD and kidney disorders. It also seems reasonable to
consider the deterioration of kidney function with age.

Lee et al. [5] provided a valuable insight into the rela-
tionship between TMAO levels, kidney function, and the
risk of atherosclerotic CVD (ASCVD) [5]. The authors
revealed that the risk of newly diagnosed ASCVD in
healthy individuals at 15 years was greater only in patients
with higher TMAO levels and impaired kidney function
(eGFR <60 mL/min/1.73 m?). In patients with preserved
kidney function, the increase in the risk was not signifi-
cant. However, in patients with previously diagnosed AS-
CVD, the risk of recurrent ASCVD increased with an in-
crease in TMAO levels independently of kidney function.

We also observed the association between higher
TMAO levels and multimorbidity in our subpopulations
of patients with CVD. This is in line with a study by Mon-
trucchio etal. [20], who revealed that higher TMAO levels
were associated with multimorbidity in patients with HIV.
While this is a different population with a different under-
lying disease, their findings underline the uncertainties as
to the exact role of TMAO in CVD. The pathophysiologi-
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cal processes associated with higher TMAO levels such as
atherogenesis, cardiac remodeling, and arrhythmia may
coexist at varied levels of severity and are influenced by
numerous external time-related factors. Therefore, it is
challenging to determine TMAO as either a causative fac-
tor of these conditions or merely a contributing factor.

Our study included a relatively large population of pa-
tients and had a long follow-up. Therefore, our results for
the overall study group as well as patient subgroups may
be considered as statistically representative of the popula-
tion of patients with CVD. Moreover, as the study includ-
ed consecutive patients, our findings may be extrapolated
to the general population of patients treated at cardiac
departments. Finally, as we assessed numerous biochem-
ical and anthropometric parameters as well as data from
medical records, we were able to perform a multivariate
analysis including traditional risk factors.

Our study has several limitations. First, this was a sin-
gle-center retrospective observational study. The retro-
spective design does not exclude the presence of other un-
controlled factors that might have affected clinical out-
comes and the incidence of death, despite the use of
multivariate regression. Second, data on the causes of
death were lacking. As the study had a long follow-up, we
may suspect that not all deaths were from cardiovascular
causes. Third, the results are based on a single measure-
ment of TMAO levels, which are liable to change over time
and depend on multiple other factors. Most importantly,
we did not have access to data on antibiotic therapy prior
to serum collection, the levels of TMAO precursors, gut
microbiota composition, and dietary habits of partici-
pants before hospitalization. During follow-up, we did not
record data on subsequent hospitalizations, significant
cardiovascular events, subsequent comorbidities, changes
in medical therapy, and lifestyle modifications by patients.
These factors might have affected TMAO levels and mor-
tality rates after the index hospitalization. Finally, the lack
of a control group made it impossible to compare the ef-
fect of higher TMAO levels between patients with CVD
and healthy individuals. As our study included patients
with high mortality risk due to the underlying CVD, the
results cannot be generalized to a healthy population.

Conclusions

In conclusion, although our study revealed a very weak
positive correlation between increased TMAO levels and a
higher risk of mortality, the use of TMAO as an indepen-
dent mortality predictor is limited, and numerous other

TMAO in Cardiovascular Disease

factors should be included in the assessment of patient
prognosis. Further research is needed to establish the exact
role of TMAO as either a causative or a contributing factor
of mortality in patients with high cardiovascular burden.
Interventional studies assessing the benefits of reducing
TMAO levels may provide additional important insights.
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Abstract

Background. Cardiovascular disease (CVD) is associated with intestinal barrier dysfunction and increased
intestinal permeability. Increased intestinal permeability to gut microbial metabolites may accelerate the pro-
gression of CVD. Plasma citrulline levels are a marker of functional enterocyte mass, and reduced citrulline
levels indicate intestinal epithelial damage. Citrulline was reported as a useful prognostic marker in critically
ill patients. However, data are lacking on the association of citrulline with long-term mortality in patients
with CVD and with the levels of trimethylamine N-oxide (TMAQ), a microbiota-derived metabolite which
has been implicated in the pathogenesis of CVD.

Objectives. To assess the effect of citrulline levels, a marker of intestinal barrier disruption, on long-term
mortality in patients with CVD. Moreover, the relationship between the concentrations of 2 biomarkers
— citrulline and TMAQ — was assessed.

Materials and methods. Serum citrulline levels were retrospectively assessed in 1036 consecutive patients
with CVD (median age: 62 years; 61% men) hospitalized between 2013 and 2015. Associations of citrulline
levels with 5-year mortality rates as well as anthropometric and biochemical parameters were evaluated for
the entire study group and in subgroups of patients with acute coronary syndrome (ACS), chronic coronary
syndrome, chronic heart failure (chronic HF), and atrial fibrillation (AF). Correlations between serum citrulline
and TMAO levels were assessed.

Results. The median citrulline level in the study population was 22.5 uM (interquartile range (IQR): 17.8—
279). Citrulline levels were not associated with 5-year mortality in patients with CVD (hazard ratio (HR) = 0.99;
95% confidence interval (95% CI): 0.97-1.00; p = 0.49). Median citrulline levels differed significantly between
deceased patients and survivors at 5 years in patients with ACS (p = 0.025). There were no significant cor-
relations between citrulline and TMAO levels (Kendall's tau = 0.027).

Conclusions. Decreasing citrulline levels do not predict long-term mortality of hospitalized patients
with CVD. Moreover, they are not associated with the serum levels of TMAO in these patients.

Key words: cardiovascular diseases, intestinal barrier, citrulline, gut permeability, TMAQ

This is an article distributed under the terms of the
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Background

Cardiovascular disease (CVD) has been reported to be
associated with intestinal barrier dysfunction and in-
creased intestinal permeability.! Initial studies focused
on altered intestinal function in patients with chronic
heart failure (chronic HF).2-* However, a link between in-
testinal barrier dysfunction and coronary artery disease,>®
ST-segment elevation myocardial infarction”® and arterial
hypertension®!® has also been reported. A vicious cycle
has been described wherein CVD impairs the intestinal
barrier, making it more permeable to toxic substances that
favor the progression of cardiovascular abnormalities.!

The assessment of the intestinal barrier competency
is a complex task which can be achieved using a number
of approaches.!! One approach is to use biomarkers such
as bacterial lipopolysaccharide (LPS),'! zonulin,'? clau-
dins,'® and intestinal fatty acid binding protein.!* There
are also tools for evaluating the function of intestinal bar-
rier samples such as the Ussing chamber.!® Depending
on the method used, various structural and functional pa-
rameters can be measured. One available biomarker of in-
testinal barrier function is serum citrulline level, which
allows for an indirect assessment of absorptive enterocyte
mass. 1618 Citrulline is an amino acid synthesized mainly
by enterocytes in the proximal small bowel, in the middle
and upper parts of intestinal villi.l” Citrulline measure-
ments have been reported to be a useful marker of acute
mesenteric ischemia.!® Moreover, their use as a marker
of epithelial lining damage in a human model of small
intestinal ischemia and reperfusion has been described.?
Reduced citrulline levels also serve as a biomarker of in-
testinal barrier failure and are an independent prognostic
factor in critically ill patients.?!-24

A recent meta-analysis of 26 randomized controlled
studies found that long-term citrulline supplementation
significantly improves vascular endothelial function and
reduces arterial stiffness.?> As the authors point out, these
effects are associated with a reduced risk of cardiovascular
events. Other beneficial effects of citrulline supplementa-
tion include improved blood pressure, glucose and lipid
profile, and the bioavailability of arginine and nitric oxide.?®

So far, no studies have assessed the use of citrulline levels
as a predictor of long-term mortality in patients with CVD.
Moreover, data are lacking on the association between
levels of citrulline and the microbiota-derived metabolite
trimethylamine N-oxide (TMAO).?”8 It was postulated
that intestinal permeability can significantly affect the ab-
sorption of TMAO and its precursors.?® The current study
is a continuation of our previous research on the same pop-
ulation of patients (unpublished data). The previous study
did not reveal a significant association between TMAO
levels and long-term mortality in CVD patients. The as-
sessment of intestinal permeability may shine a new light
on our previous findings and guide the direction of future
research.
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Objectives

This study aimed to assess the effects of citrulline levels,
a marker of enterocyte functional mass, on the long-term
mortality of CVD patients. Moreover, the relationship be-
tween 2 biomarkers — citrulline and TMAO levels — was
evaluated.

Materials and methods
Patients

The study included 1036 consecutive patients hospital-
ized between March 2013 and November 2015 in the De-
partment of Cardiology at Wroclaw Medical University
in Wroctaw, Poland. All patients provided written in-
formed consent to participate in the study and submitted
blood samples for laboratory testing.

The exclusion criterion was the lack of patient’s informed
consent. Patients who did not want to consent or were un-
able to consent due to their clinical condition (i.e., uncon-
scious or intubated) were excluded from the study. We rou-
tinely included patients on days 1 or 2 of the hospital stay
in order to enroll patients with stable conditions who were
willing to participate in the study.

Specimen characteristics

Blood samples were stored at a temperature of —80°C
at the BioBank of the Lukasiewicz Research Network — PORT
Polish Center for Technology Development in Wroctaw,
Poland.

Assay methods

Liquid chromatography with tandem mass spectrometry
was used to determine serum L-citrulline and TMAO levels.
Briefly, samples were thawed on ice and extracted by adding
a mix of d4-citrulline and d9-TMAO (Cambridge Isotope
Laboratories, Tewksbury, USA) in acetonitrile (final concen-
tration 10 pM) at a ratio of 1:3 (v/v). The chromatographic
separation was performed using a Luna Silica analytical col-
umn (3 um, 100 A, 150 x 2 mm; Phenomenex, Torrance, USA)
and the UltiMate™ 3000 UPLC system (Dionex, Sunnyvale,
USA). An isocratic elution of the mobile phase consist-
ing of 0.1% formic acid in acetonitrile and water at a ratio
of 60:40 (v/v) was applied at a flow rate of 0.3 mL/min (to-
tal run time: 5 min). A multiple reaction monitoring mode
was selected for mass spectrometric detection using ESI-
Q-TOF (Bruker Daltonics, Bremen, Germany) in a positive
ion mode. A calibration curve was constructed at a range
of 0.5-100 uM for L-citrulline (Sigma-Aldrich, St. Louis,
USA) and 0.125-25 puM for TMAO.

This method has been validated according to the Food
and Drug Administration (FDA) guidelines.? The linearity
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was determined by using correlation coefficients (R?)
which were 0.9997 for both citrulline and TMAO levels.
The sensitivity of the laboratory analysis was assessed based
on the limit of detection and limit of quantification. These
were 0.221 pM and 0.662 pM, respectively, for citrulline and
0.236 uM and 0.708 pM, respectively, for TMAO. The pre-
cision and accuracy of the measurements were assessed
with the use of quality control samples and standard solu-
tions of various concentrations. The calculated inter- and
intra-assay coefficients of variation did not exceed 8% for
any of the tested levels, and the accuracy was in the range
of 95-105%. This is in line with the limits proposed for
the validation of assay methods for biological samples.

All samples were measured in 2 biological and 2 techni-
cal replicates. The peak area ratio (analyte/internal stan-
dard) was used for the calculation of mean L-citrulline
and TMAO levels in samples. Data on current diagnosis,
comorbidities, anthropometric parameters, laboratory test
results, and medication use were obtained from the medi-
cal records of the index hospitalization.

Study design

This is a retrospective observational study.

At the time of hospitalization, patients donated blood
samples for future research. The protocol of sampling and
biobank creation was approved by the local ethics commit-
tee of Wroclaw Medical University on February 9, 2011 (ap-
proval No. 73/2012). All patients consented to the storage
and processing of samples for future studies.

The concentrations of the selected biomarkers were as-
sessed retrospectively in collected samples. Mortality was
analyzed using the registry of the Polish National Health
Fund (as of February 19, 2020).

Statistical analyses were performed to assess the cor-
relation of biomarker concentrations with mortality and
the available clinical data obtained during the hospitaliza-
tion of each patient.

The study protocol was approved by the local ethics
committee of Wroclaw Medical University on February
28,2019 (approval No. 163/2019). The study was conducted
in accordance with the Declaration of Helsinki. All pa-
tients provided written informed consent to participate
in the study.

Statistical analyses

The statistical analyses were performed on the whole
population. Subgroups of patients were classified accord-
ing to the main clinical diagnosis of CVD: 1) patients with
acute coronary syndrome (ACS) during the index hospi-
talization; 2) patients with chronic coronary syndrome;
3) patients with chronic HF without ACS; and 4) patients
with atrial fibrillation (AF).

Additionally, patients were classified according to the oc-
currence of death during the follow-up period, as shown
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in Table 1 for the whole study group, and within subpopu-
lations, as shown in Table 2. Depending on data distri-
bution, quantitative data were presented as means with
standard deviations (SDs) and medians with interquartile
ranges (IQRs). The rates of CVD and medication use were
presented as percentages of patients. The normality of data
distribution was assessed using the Kolmogorov—Smirnov
and Lilliefors tests. The Kendall’s tau test was used to as-
sess the correlation between variables. The mean values
of 2 independent variables were compared using the non-
parametric Mann—Whitney test, while the Kruskal-Wallis
analysis of variance (ANOVA) was used to compare more
than 2 independent variables. The effect of continuous
variables on mortality in subgroups was assessed using
the Cox proportional hazards model. The proportional
hazards assumptions were tested with proportional tests
and presented graphically using the plots of scaled Schoen-
feld residuals. The goodness-of-fit was tested by calculat-
ing the coefficient of determination (R?). The Cox propor-
tional hazards model with interactions was used to assess
the independence of variables on mortality prediction.
Survival curves for individual variables were generated
using the Kaplan—Meier estimator. A value of p < 0.05
was considered statistically significant. All analyses were
performed using STATISTICA v. 13 software (TIBCO
Software Inc., Palo Alto, USA; https://www.tibco.com/).

Results

The characteristics of the study population are presented
in Table 1. The study included a total of 1036 patients, in-
cluding 177 (11.3%) patients with ACS, 441 (42.6%) patients
with chronic coronary syndrome, 292 (28.2%) patients with
chronic HF, and 277 (26.7%) patients with AF. The mean
follow-up for the study group was 58.4 months. The 5-year
mortality rate for the whole population was 16.5% (171
deaths). Most of the clinical and biochemical parameters
differed between the deceased patients and the survivors
(Table 1).

There were no significant differences in citrulline levels
between subgroups divided according to survival (Table 1).
Moreover, the univariate Cox proportional hazards analy-
sis revealed no association between citrulline levels and
death at 5 years (hazard ratio (HR) = 0.99; 95% confidence
interval (95% CI): 0.97-1.00; p = 0.49). Therefore, a multi-
variate analysis was not performed.

For a more detailed analysis, citrulline levels were di-
vided into quartiles. However, no differences were noted
between the quartiles in terms of their effect on survival
at 5 years (x? test = 3.53; p = 0.31) (Fig. 1).

To obtain a more detailed insight into the effect of ci-
trulline levels on mortality in patients with CVD, we per-
formed a subgroup analysis of citrulline levels. The differ-
ences in citrulline levels in subgroups divided according
to survival at 5 years are presented in Table 2. Significantly

56



124 R. Konieczny et al. Citrulline and long-term mortality in CVD

Table 1. Study population characteristics

S Study population Death at 5 years
[GERIED) yes (n=171) no (n = 865)

Age [years], mean (SD) 62.0(14.1) ‘ 689 (11.1) 60.7 (14.3) <0.0001
Male sex [%] 61.1 ‘ 730 588 <0.001
TMAO [umol/L] 4.06 (2.79-6.01) | 5.65 (348-8.94) | 3.86 (2.70-5.62) <0.0001
Citrulline [umol/L] 225(17.8-27.9) \ 215(16.5-27.6) 22.8(18.0-28.0) 0.18
Acute coronary syndrome [%)] 17.0 ‘ 327 194 <0.001
Chronic coronary syndrome (%] 425 ‘ 571 40.0 <0.0001
Chronic HF [%] 28.1 54.7 | 234 <0.0001
Atrial fibrillation [%] 267 ‘ 432 234 <0.0001
Other types of arrhythmia [%] 164 ‘ 147 85.2 048
Conduction disorders [%] 440 ‘ 131 86.8 0.01
PCl during hospitalization [%] 210 | 31 233 0.051
Previous PCI [%] 144 ‘ 257 16.9 0.017
Previous CABG [%] 76 122 | 6.7 0.012
Diabetes [%] 247 ‘ 352 226 <0.001
Chronic kidney disease [%] | 1458 285 71.5 0.002
Dialysis patients [%] 145 ‘ 2767 7333 0.001
Hypertension [%] 77 818 ‘ 697 0001
Smoking (current) [%] 232 | 300 219 0.026

| 7.0 87 6.3
NYHA 1 555 \ 483 588
(% of patients with i 0.16
chronic ) il 340 377 323

% 33 \ 53 26

| 10.2 6.0 13
CCS (% of patients I 543 ‘ 575 ‘ 535
with chronic coronary 0.65
syndrome) [l 322 333 320

v 31 \ 30 31
LVEF [%] 60 (50-65) 50 (37-65) 65 (55-66) <0.0001
eGFR [mL/min/1.73 m?] 68 (55-80) ‘ 58 (44-72) 69 (58-81) <0.0001
hsCRP [mg/L] 347 (1.33-133) 7.79 (2.64-30.8) 3.11(1.24-10.1) <0.0001
HbA, . [%] 5.70 (5.40-6.20) ‘ 5.90 (5.50-6.65) 5.70 (540-6.10) 0.018
TC [mg/dL] 182 (149-216) ‘ 171 (135-207) ‘ 184 (151-218) 0.003
LDL-C [mg/dL] 104 (80-136) ‘ 97 (33-249) 106 (83-136) 0.094
HDL-C [mg/dL] 45 (37-55) 42 (34-51) 46 (38-55) <0.001
Triglycerides [mg/dL] 124 (95-169) ‘ 115 (89-155) 127 (96-172) 0.018
ASA [9] 548 ‘ 640 529 0,009
Clopidogrel [%] 294 ‘ 281 35.1 0.075
OAC [%] 289 ‘ 434 260 <0.0001
ACEls [%] 702 ‘ 76.1 69.0 0.066
ARBS (%) 719 301 802 0022
B-blockers [%)] 812 ‘ 922 790 <0.0001
Statins [%] | 79.1 ‘ 89.2 ‘ 77.0 <0.001
Loop diuretics [%)] 19.1 ‘ 434 143 <0.0001

Data are presented as median and interquartile range (IQR) unless indicated otherwise. ACEl — angiotensin-converting enzyme inhibitor; ARB — angiotensin
receptor blocker; ASA - acetylsalicylic acid; CABG - coronary artery bypass grafting; CCS - Canadian Cardiovascular Society grading of angina pectoris;
eGFR - estimated glomerular filtration rate; HbA,. - glycated hemoglobin A,; HDL-C - high-density lipoprotein cholesterol; HF - heart failure; hsCRP - high-
sensitivity CGreactive protein; LDL-C — low-density lipoprotein cholesterol; LVEF — left ventricular ejection fraction; NYHA — New York Heart Association
Functional Classification; OAC - oral anticoagulation; PCl - percutaneous coronary intervention; SD - standard deviation; TC — total cholesterol;

TMAO - trimethylamine N-oxide.
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Table 2. Citrulline levels in subgroups of deceased patients compared to survivors at 5 years

Subgroup | Whole subgroup [umol/L] |

Acute coronary syndrome (n = 177) 23.3(183-29.1)

Chronic coronary syndrome
(=441 222(175-28.1)
Chronic HF
(h=292) 22.2(179-282)
Atrial fibrillation

(n=277) 222(17.7-285)

Death at 5 years |

p-value
yes (n=37) no (n = 140)
0.025
209 (15.2-25.8) 240 (18.5-30.1)
yes (n = 96) no (n = 345) 0o
21.0(15.7-21.3) 224(18.0-284) )
yes (n = 93) no (n=199)
050
21.7 (166-28.2) 223(18.3-283)
yes (n=74) no (n = 203)
089
229(16.5-30.1) 22.1(18.1-284)

Data are presented as median and interquartile range (IQR). HF — heart failure.

— Q1 (4.04-17.83) pmol/L

— Q2 (17.84-22.58) pmol/L
— Q3 (22.59-27.97) umol/L
— Q4 (27.98-101.4) umol/L

1.00
0.98
p >0.05
0.96
0.94
0.92

0.90

0.88

probability of survival

0.86

0.84

0.82

0.80

0 1 2 3 4 5
follow-up years
Fig. 1. Kaplan—-Meier survival curves in subgroups divided according

to quartiles of citrulline levels (Q1, Q2, Q3, and Q4 — quartiles 1,2, 3, and 4,
respectively).

lower citrulline levels were observed in deceased patients
compared to survivors at 5 years in patients with ACS.
However, the univariate Cox proportional hazards analysis
did not reveal any significant associations between citrul-
line levels and the risk of death at 5 years in any of the sub-
groups, including patients with ACS. Therefore, multi-
variate analysis was not performed.

Our analysis revealed no significant correlations be-
tween citrulline levels and any of the recorded clinical
parameters. Additionally, there were no significant cor-
relations between citrulline levels and multimorbidity,
defined as the number of comorbidities present in 1 pa-
tient, including ACS, stable coronary syndrome (SCS),

chronic HF, AF, arterial hypertension, arrhythmias, and/or
conduction disorders. Finally, no significant correlations
were noted between TMAQ and citrulline levels (Kendall’s
tau = 0.027).

Discussion

Our study indicates that serum citrulline levels are not
correlated with long-term mortality in patients hospitalized
due to CVD. While several markers of intestinal barrier dys-
function are available, this study was constructed to assess
asingle parameter. We decided on citrulline because there
is limited research available on the association between
citrulline levels and long-term outcomes in CVD patients.

When investigating a single marker of intestinal perme-
ability, the interpretation of the results must account for
some inherent limitations. One of the most common mark-
ers of an impaired intestinal barrier is LPS.!! However, LPS
assessment in peripheral blood is relatively difficult and
often produces false positive results. Moreover, similarly
to anti-endotoxin antibodies, it serves only as an indirect
marker of increased intestinal permeability.!! Another
known biomarker is intestinal fatty acid-binding pro-
tein. However, there are limited data supporting its use
in the assessment of chronic intestinal barrier disruption.®
As for zonulin, previous studies have used commercial
enzyme-linked immunosorbent assays (ELISAs) for zo-
nulin measurements. However, these assays do not reflect
the actual levels of zonulin but rather the levels of a struc-
turally similar haptoglobin.!? The reliability of studies
on zonulin is further limited by the fact that zonulin is not
expressed in mice. Thus, the results obtained actually re-
flect the levels of unknown proteins rather than zonulin.!?
Finally, claudins are a highly diverse class of 27 proteins
present in numerous tissues.!> They have not only low tis-
sue specificity but also opposing functions, making it diffi-
cult to choose a specific protein and interpret the results.!®

The usefulness of citrulline for the direct functional
assessment of enterocyte mass has been confirmed
in previous research studies.’®3? According to the litera-
ture, citrulline cutoff values have a sensitivity of 80% and
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a specificity of 84% for diagnosing intestinal dysfunction.
The most commonly used threshold for low citrulline
levels is 20 pmol/L,'® which is in line with our findings.
According to other investigators, a citrulline threshold
of 10 pmol/L indicates a significant loss of enterocyte
mass.*? Finally, it has been reported that citrulline levels
ranging from 10 pmol/L to 20 pmol/L are a grey zone for
interpretation in critically ill patients.?® Citrulline level
of 40 +10 pmol/L is considered normal.?> The abnormal
citrulline levels in our population may indirectly suggest
intestinal epithelial damage. However, several other fac-
tors need to be considered when interpreting these results.

Despite high susceptibility to blood supply disorders,
high regenerative capacity of the intestinal epithelial lin-
ing after ischemia and reperfusion has been reported.?’ So
far, citrulline assays have been used mainly for the assess-
ment of critically ill patients.?2-23%35 Changes in citrulline
levels have been associated with patient prognosis?* and
enteral nutrition.3> However, these studies were limited
by a shorter duration of follow-up compared with our cur-
rent research.

Considering the currently available literature, the fact
that the diagnostic and prognostic values of citrulline
are higher in acute states than in chronic ones cannot
be excluded. At the same time, reduced citrulline levels
are typically observed in chronic diseases associated with
intestinal epithelial loss, such as Crohn’s disease, celiac
disease and short bowel syndrome.! It is possible that
changes in citrulline levels during the course of chronic
CVD result in different dynamics and are induced by dif-
ferent mechanisms. This seems to be supported by the lack
of correlation between citrulline levels and multimorbidity
in our study. A significant difference in citrulline levels
between deceased patients and survivors was noted only
in patients with ACS, the only subgroup with an acute
cardiovascular condition in our study. Previous studies
on patients with myocardial infarctions reported abnor-
mal levels of other markers indicating impaired intestinal
barrier, such as LPS, D-lactate, zonulin, and endotoxin.”#3¢
Moreover, Zhou et al. reported that LPS and D-lactate
were associated with a higher risk of mortality at 3 years.®
In our study, citrulline was not related to mortality risk
at 5 years even in patients with ACS. The discrepancy be-
tween our study and the study by Zhou et al. may result
from differences in the type of biomarkers and frequency
of measurements. Zhou et al. assessed the levels of LPS
and D-lactate at 2 time points over consecutive days.® Our
study, on the other hand, involved a single measurement
of citrulline levels.

Serial measurements have advantages over a single as-
sessment. Previous studies assessing changes in citrulline
levels have revealed correlations between citrulline and
the clinical status of patients.?*3> In an experimental study
by Park et al., serial measurements reduced the potential
confounding effect of circadian variation and fluctuations
in citrulline levels.”
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Our study did not reveal any correlation between citrul-
line levels and clinical parameters such as estimated glo-
merular filtration rate (eGFR) or C-reactive protein (CRP)
levels. This is surprising because kidney disorders and
enhanced inflammatory processes may induce changes
in citrulline levels.?? Citrulline is converted to arginine
in the kidneys. Arginine is then used in nitric oxide syn-
thesis, for example, in response to inflammation.3? Rare
metabolic disorders and partial small bowel resections
resulting in short bowel syndrome can affect citrulline
levels, but these conditions were excluded from our study
population. Only 2 patients had Crohn’s disease and there
were no cases of celiac disease or short bowel syndrome
in the population examined in our study. Therefore, citrul-
line levels were not affected by these factors in our patients.

In our opinion, this study increases the current knowl-
edge on the absorption of gut microbial metabolites. A pre-
vious prospective study by Kitai et al. revealed a significant
association between worse prognosis and increased intes-
tinal permeability assessed using the lactulose/rhamnose
permeability test.® However, the sample size was relatively
small (29 patients with HF) and the follow-up was shorter
than in our study (median: 56 days). The increased intesti-
nal permeability was not associated with levels of TMAO
and intestinal fatty acid binding protein.3 The lack of cor-
relation between citrulline and TMAO levels may be ex-
plained by a yet unknown mechanism of TMAO uptake
through the intestinal wall, independent of the number
of enterocytes. However, this would be surprising because
enterocyte mass reduction should result in the disruption
of organic cation transporters mediating TMAO uptake.?*%

Limitations

The major limitation of our study is that only a single
measurement of citrulline was performed due to the ret-
rospective study design and available biologic material.
Optimally, the assessment of several different markers
indicating intestinal barrier function performed at differ-
ent timepoints depending on the duration of short-term
and long-term follow-up needs to be conducted. A histo-
pathological examination of an intestinal mucosa biopsy
or the functional assessment of gastrointestinal absorption
might also provide additional valuable data.

The strength of our study was its large sample size,
the use of multiple clinical parameters, and the long-
term follow-up. Additionally, the samples were obtained
in a daily clinical practice setting and the citrulline levels
were assessed using validated and reproducible methods.

Conclusions

Despite the limitations inherent to its retrospective de-
sign, our study provides novel insights into intestinal bar-
rier dysfunction and fills the existing gap in the literature.
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Decreased citrulline levels do not predict long-term mor-
tality of hospitalized patients with CVD. Moreover, they
are not associated with serum TMAO levels in these pa-
tients. We believe that these findings will provide a ba-
sis for future research into the links between intestinal
permeability and the prognosis of CVD patients. The use
of citrulline levels in conjunction with morphological and
functional assessments of intestinal biopsies in CVD pa-
tients would allow for the assessment of potential new
correlations. Perhaps serial measurements of citrulline
concentrations during hospitalization and shorter follow-
up will allow to capture the dynamics of the processes
affecting the intestinal barrier and prognosis of patients
with CVD.
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Streszczenie

Wstep N-Tlenek trimetyloaminy (TMAOQO) powstaje w ludzkim organizmie na drodze
enzymatycznego utlenienia metabolitu mikrobioty jelitowej — trimetyloaminy oraz jest wchtaniany
bezposrednio z pokarmu. TMAO moze mie¢ wpltyw na przebieg i rokowanie u pacjentow z
chorobami uktadu krazenia. Stopien wchtaniania TMAO 1 jego prekursora wigze si¢ z
przepuszczalno$cig bariery jelitowej, ktora moze si¢ zwigkszy¢ w chorobach uktadu krazenia.
Biomarkerem przepuszczalnosci bariery jelitowej jest cytrulina - aminokwas syntetyzowany przez

enterocyty.

Cel pracy: Ocena przydatnosci klinicznej stgzenia TMAO jako niezaleznego czynnika
rokowniczego u polskich pacjentow obcigzonych chorobami uktadu krazenia w obserwacji
dlugoterminowej, ocena przydatno$ci klinicznej st¢zenia cytruliny jako niezaleznego czynnika
rokowniczego u tych pacjentow oraz ocena wzajemnego powigzania stezenia TMAOQO i uszkodzenia

bariery jelitowej ocenionego stezeniem cytruliny.
Material i metody

W pierwszej pracy wchodzacej w sktad rozprawy dokonano przegladu literatury dotyczacej
metabolizmu TMAO oraz wynikéw dotychczasowych badan nad wplywu tej czasteczki na

przebieg 1 rokowanie u pacjentow z chorobami uktadu krazenia.

Materiat kliniczny: Retrospektywnie oceniono st¢zenie TMAO oraz cytruliny w surowicy 1036
kolejnych pacjentow (mediana wieku 62, mezczyzni 61%) hospitalizowanych w Oddziale
Kardiologicznym Uniwersyteckiego Szpitala Klinicznego we Wroctawiu w latach 2013-2015.
Oceniono wplyw stezenia TMAO 1 cytruliny na $miertelno$¢ dlugoterminowa (obserwacja 5-
letnia) oraz zbadano Korelacje stezenia TMAO oraz cytruliny z parametrami antropometrycznymi
1 biochemicznymi. Analiz¢ wykonano dla catej badanej populacji oraz dla podgrup pacjentéw z
ostrym zespolem wiencowym (ACS) n=177, stabilnym zespolem wiencowym (SCS) n=441,
przewlekta niewydolnoscia serca (HF) n=292 oraz migotaniem przedsionkow (AF) n=277.

Stezenie cytruliny skorelowano ze stezeniem TMAO w surowicy

Wyniki: Na podstawie przegladu literatury wykazano, ze TMAO jest uzytecznym markerem

ryzyka sercowo naczyniowego.
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W obserwacji 5-letniej stwierdzono 171 zgonéw. W analizie jednoczynnikowej wyzsze stezenie
TMAO w calej grupie badanej byto istotnym predykatorem $miertelnosci 5-letniej (HR 1,01 przy
95% CI 1,006-1,018 i p<0,0001) jednak zaleznos¢ ta tracita istotno$¢ statystyczng w analizie
wieloczynnikowej. Dodatkowo stwierdzajac istotny wzrost ryzyka zgonu u pacjentow w gornym
kwartylu stezen TMAO. Analiza ROC pozwolita wyznaczy¢ punkt odcigcia stezenia TMAO
wynoszacy 5,94 uM powyzej ktorego z 48% czuloscig i 80% specyficznoscia ryzyko zgonu
bylo istotnie wyzsze w poréwnaniu z pozostatg grupg. W grupie pacjentow z przewlektym
zespoltem wiencowym, przewlekta niewydolno$cig serca i migotaniem przedsionkow wykazano
istotne réznice stezenia TMAO pomigdzy pacjentami zmarlymi, a przezywajacymi obserwacje

5-letnig.

Nie stwierdzono istotnej rdéznicy st¢zenia cytruliny pomigdzy grupa pacjentow zmarlych
oraz przezywajacych 5-letni okres obserwacji. Nie wykazano takze statystycznie istotnego wptywu
stezenia cytruliny na $miertelno$¢ pacjentow w obserwacji 5-letniej HR 0.99 (95% CI1 0.97-1.00
p=0,49). Jedynie w podgrupie pacjentdw z ostrym zespotem wiencowym obserwowano istotnie
nizsze stgzenie cytruliny w grupie pacjentdw, ktorzy zmarli w trakcie obserwacji 5-letniej
w poréwnaniu z pacjentami, ktorzy przezyli: 20,9 uM (15,2-25,8) vs 24,0 uM (18,5-30,1) p=0,025.
Nie wykazano istotnych statystycznie korelacji stg¢zenia cytruliny z danymi biochemicznymi,
antropometrycznymi ani wielochorobowosciag w badanej grupie. Nie wykazano istotnej korelacji

pomiedzy stezeniami TMAO i cytruliny (korelacja tau Kendala = 0,027).
Whioski:

1.W analizie jednoczynnikowej stezenie TMAO jest czynnikiem rokowniczym zgonu
w  obserwacji  5-letniej  pacjentow  obcigzonych  chorobami  uktadu  krgzenia.

W analizie wieloczynnikowej zalezno$¢ ta traci istotno$¢ statystyczng.

2.Uszkodzenie bariery jelitowej, mierzone st¢zeniem cytruliny w surowicy nie jest czynnikiem

ryzyka zgonu w obserwacji 5-letniej pacjentow obcigzonych chorobami uktadu krgzenia.

3.Nie wystepuje korelacja pomigdzy stezeniem TMAO oraz cytruliny w surowicy.
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Streszczenie w jezyku angielskim

Introduction Trimethylamine N-oxide (TMAO) is formed in the human body by enzymatic
oxidation of the gut microbiota metabolite- trimethylamine and is absorbed directly from food.
TMAO may affect the clinical course and prognosis of patients with cardiovascular disease. The
degree of absorption of TMAO and its precursor is related to intestinal barrier permeability, which
may be increased in cardiovascular disease. A biomarker of intestinal barrier permeability is

citrulline, an amino acid synthesised by enterocytes.

Objectives: To assess the clinical usefulness of TMAO levels as an independent prognostic factor
in Polish patients with cardiovascular disease in long-term follow-up. Moreover, to evaluate
the clinical usefulness of citrulline levels as an independent prognostic factor in these patients,
and to assess the interrelationship between TMAO levels and intestinal barrier damage assessed

by citrulline levels.
Material and methods

The first paper included the literature review on TMAO metabolism and the results of previous
studies on the influence of this molecule on the course and prognosis of patients with

cardiovascular diseases.

Clinical material: TMAO and citrulline concentrations were retrospectively assessed in serum of
1036 consecutive patients (median age 62, men 61%), hospitalised in the Cardiology Department
of Jan Mikulicz-Radecki University Teaching Hospital, Wroclaw, between 2013 and 2015. The
effect of TMAO and citrulline concentrations on long-term mortality (5-year follow-up)
was assessed. Correlations of TMAO and citrulline concentrations with anthropometric
and biochemical parameters were investigated. The analysis was performed for the whole study
population and for subgroups of patients with acute coronary syndrome (ACS) n=177, stable
coronary syndrome (SCS) n=441, chronic heart failure (HF) n=292 and atrial fibrillation (AF)

n=277. Citrulline concentration was correlated with serum TMAO concentration.
Results:

Based on the literature review, TMAO was shown to be a useful marker of cardiovascular risk.
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There were 171 deaths at 5-year follow-up. In univariate analysis, higher TMAO levels in the entire
study group were a significant predictor of 5-year mortality (HR 1.01 with 95% CI 1.006-1.018
and p<0.0001); however, this relationship lost statistical significance in multivariate analysis. In
addition, we found a significant increase in the risk of death in patients in the upper quartile of
TMAO concentrations. ROC analysis determined a TMAO concentration cut-off point of 5.94 uM
with 48% sensitivity and 80% specificity, above which, the risk of death was significantly higher
compared with the rest of the group. In the group of patients with chronic coronary syndrome,
chronic heart failure and atrial fibrillation, significant differences in TMAO concentration

were found between patients who died and 5-year survivors.

No significant difference in citrulline concentration was found between the group of patients who
died and those surviving a 5-year follow-up. There was also no statistically significant effect of
citrulline concentration on patient mortality at 5-year follow-up HR 0.99 (95% CI 0.97-1.00
p=0.49). Only in the subgroup of patients with acute coronary syndrome were significantly lower
citrulline concentrations observed in patients who died during the 5-year follow-up compared to
patients who survived: 20.9 uM (15.2-25.8) vs 24.0 uM (18.5-30.1) p=0.025. There was no
statistically significant correlation of citrulline concentration with biochemical, anthropometric or
multimorbidity data in the study group. There was no significant correlation between TMAO and

citrulline concentrations (Kendal's tau correlation = 0.027).
Conclusions:

1.In univariate analysis, TMAO concentration is a prognostic factor for death in the 5-year follow-
up of patients with cardiovascular disease. In multivariate analysis, this relationship loses statistical

significance.

2.Intestinal barrier damage, as measured by serum citrulline concentration, is not a risk factor for

death in the 5-year follow-up of patients with cardiovascular disease.

3.There is no correlation between TMAO and serum citrulline concentrations.
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