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Nazwa i numer projektu badawczego

Badania wchodzace w sktad rozprawy doktorskiej zostaty zrealizowane w ramach projektu:
Opus 19 2020/37/B/ NZ5/00366, pt. ,(TNT-CVD) Trimetyloamina jako toksyna w chorobach
uktadu krazenia” oraz Opus 16 UMO-2018/31/B/NZ5/00038, pt. ,,Rola piezolitow i osmolitéw
w uktadzie krgzenia w zdrowiu i chorobie” z Narodowego Centrum Nauki. Kierownikiem

projektéw jest prof. dr n. med. Marcin Ufnal.
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Podzigkowania kieruje takze do Pani Krysi, ktora zawsze pomagata dobrg radg.

Dziekuje rowniez mojemu Mezowi
za wsparcie, zrozumienie i cierpliwosc,
a takze mojej corce Karolinie,

ktora zawsze byta dla mnie najwiekszg motywacjgq.

Dziekuje!
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Wykaz stosowanych skrotéw
CVD - choroby sercowo-naczyniowe
FMOs — monooksygenazy flawinowe
KIM-1 - czgsteczka-1 uszkodzenia nerek
TMA - trimetyloamina

TMAO - tlenek trimetyloaminy
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Streszczenie w jezyku polskim

Wplyw trimetyloaminy na funkcje ukladu krazenia i nerek.

W ostatnich latach duze zainteresowanie wzbudza wplyw zwigzkéw wytwarzanych
przez mikrobiot¢ jelitowg na zdrowie cztowieka. Wiele badan dotyczy tlenku trimetyloaminy
(TMAO), ktéry powstaje w wyniku utleniania trimetyloaminy (TMA) przez flawinowe
monooksygenazy (FMOs) w watrobie. Mikrobiota jelitowa wytwarza TMA ze zZrédet
pokarmowych takich jak: cholina i karnityna. Ponadto TMA i TMAO znajdujg si¢ w rybach
i owocach morza. Wydalanie TMA i TMAO odbywa si¢ gtéwnie wraz z moczem.

Szereg badan klinicznych wykazalo pozytywna korelacje miedzy podwyzszonym
poziomem TMAO we krwi 1 moczu, a ryzykiem sercowo-naczyniowym. Jednak mechanizmy
lezace u podstaw tej zaleznosci sa mato poznane. Chociaz wigkszo§¢ badan wskazuje
na szkodliwy wptyw TMAO na zdrowie czltowieka, istniejg réwniez badania sugerujace
korzystne dziatanie TMAO.

Pomimo duzego zainteresowania rola TMAO, rola TMA (prekursora TMAO)
w patogenezie chordéb sercowo-naczyniowych i nerek nie zostata szerzej zbadana.

Celem mojej pracy doktorskiej byto ustalenie fizjologicznych stezen TMA, TMAO iich
prekursoréw w tkankach zwierzat laboratoryjnych, ktére sg najczesciej przedmiotem badan
przedklinicznych w zakresie choréb uktadu krazenia i nerek (mysz domowa, szczur wgdrowny,
kawia domowa). Praca miata na celu réwniez poszerzenie wiedzy dotyczacej FMOs
i metabolizmu TMA/TMAO (Publikacja nr 1). Kolejnym etapem byto zbadanie wptywu TMA
na funkcje nerek i uktadu sercowo-naczyniowego (Publikacja nr 2).

Niniejsze badania sg pierwszymi, ktére poréwnujg stezenia TMA 1 TMAO w tkankach
zwierzat laboratoryjnych, poniewaz poprzednie badania koncentrowaly si¢ wylacznie
na oznaczeniu st¢zen we krwi lub moczu. Badania wykazaty znaczace r6znice w stezeniach
karnityny, choliny, TMA i TMAO we krwi, moczu oraz sercu, ptucach, watrobie i nerkach
pomiedzy badanymi gatunkami zwierzat. Warto podkresli¢, ze pomimo istotnych réznic
miedzygatunkowych w stezeniach tkankowych, stezenia samego TMAO we krwi byty podobne
pomiedzy badanymi gatunkami zwierzat i zblizone do st¢zen obserwowanych u ludzi.
Najwyzsze stezenie TMAO zaobserwowano w rdzeniu nerkowym szczuréw, a najnizsze

w watrobie myszy. Z kolei najwyzsze stezenia TMA stwierdzono w rdzeniu nerkowym myszy,
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a najnizsze w plucach szczuréw. Badania wykazaty takze wyrazne r6znice mi¢dzygatunkowe
w ekspresji FMOs w sercu, ptucach, watrobie i1 nerkach.

Kolejnym celem pracy byto zbadanie wptywu przewlektego podawania TMA z woda
pitng na funkcje nerek i uktadu sercowo-naczyniowego u szczuréw. Szczury otrzymujgce TMA
miaty wyzsze ci$nienie skurczowe, podwyzszony poziom glukozy, biatka oraz markera
cewkowego uszkodzenia nerek-1 (KIM-1) w moczu. Ponadto, zaobserwowano wyzszy
stosunek biatka do kreatyniny w moczu oraz zmiany histologiczne w nerkach, wskazujace
na przewlekta progresywnag nefropati¢. Otrzymane wyniki badan dowodza, ze przewlekta
ekspozycja na TMA negatywnie wplywa na nerki i uktad sercowo-naczyniowy.

Ponadto, szczury pojone TMA wykazywaty 7-30 krotny wzrost stezenia TMAO
w tkankach, podczas gdy poziomy TMA wzrosty tylko nieznacznie. Obserwowano takze
istotny wzrost wydalania TMA i TMAO, co wskazuje na efektywng konwersje TMA
do TMAO.

Niniejsza praca doktorska wnosi nowa wiedze dotyczacg stezen TMA, TMAO 1 ich
prekursoréw, jak réwniez aktywnosci FMO u najczesciej badanych zwierzat laboratoryjnych.
Badania umozliwiajg lepsze zrozumienie metabolizmu TMA i TMAO oraz ich roli w chorobach
sercowo-naczyniowych i nerek. Wyniki tej pracy dostarczaja waznych danych dla wyboru
odpowiedniego modelu zwierzgcego do badan przedklinicznych. Ponadto, praca wykazata
negatywny wplyw przewlekltego podawania TMA na funkcje uktadu sercowo-naczyniowego
inerek u szczuréw, co sugeruje konieczno$¢ dalszego poszerzenia badan nad rola TMA

w patologii uktadu krazenia i nerek.
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Streszczenie w jezyku angielskim

The impact of trimethylamine on the function of the cardiovascular system
and kidneys

In recent years, an increasing number of studies have focused on the impact of gut
microbiota on human health. A particular area of interest is Trimethylamine oxide (TMAO),
a metabolite produced through the oxidation of trimethylamine (TMA) by flavin-containing
monooxygenases (FMOs) in the liver. Gut microbiota generate TMA from dietary sources such
as choline and carnitine. Additionally, TMA and TMAO are present in fish and seafood, which
are dietary sources of these compounds. Excretion of TMA and TMAO predominantly occurs
through urine.

The bulk of research concentrates on the role of TMAO. Investigations have consistently
shown a positive correlation between elevated levels of TMAO in blood and urine and the onset
of cardiovascular and kidney diseases. However, the underlying mechanisms remain partially
understood. While most studies indicate a detrimental effect of TMAO on human health, there
are some that propose beneficial impacts.

Conversely, the role of TMA in the pathogenesis of cardiovascular and kidney diseases
has received limited attention, and studies on the role of TMA in cardiovascular and renal
diseases are scarce.

This doctoral thesis aimed to establish the physiological concentrations of TMA,
TMAO, and their precursors in various laboratory animals (house mouse, brown rat, guinea
pig). The thesis further sought to enhance understanding of FMOs and TMA/TMAO
metabolism (Publication No. 1) and to investigate the impact of TMA on kidney and
cardiovascular system functions (Publication No. 2).

This research is the first to compare concentrations of TMA and TMAO in tissues
of laboratory animals, as previous studies focused solely on blood or urine. Our findings reveal
significant differences in the concentrations of carnitine, choline, TMA, and TMAO in blood,
urine, and various tissues (heart, lungs, liver, kidneys) among these species. Notably, TMAO
blood concentrations were consistent across species and aligned with human and animal studies.
The highest TMAO concentration was observed in the rat's renal medulla, and the lowest in the
mouse liver. Conversely, TMA concentrations were highest in the mouse's renal medulla and

lowest in the rat's lungs. We also evaluated the activity of FMO1, FMO3, and FMOS in the
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heart, lungs, liver, and kidneys, observing notable species-specific differences in FMO
expression.

The effects of chronic TMA administration via drinking water on rat kidney and
cardiovascular system functions were also examined. Rats receiving TMA exhibited increased
systolic blood pressure, elevated levels of glucose, protein, Kidney Injury Molecule-1 (KIM-1)
in urine, and a higher protein/creatinine ratio in urine, alongside histological kidney changes
indicative of chronic progressive nephropathy. This suggests that chronic TMA exposure
adversely affects kidney and cardiovascular health.

Furthermore, TMA-treated rats showed a 7-30 fold increase in tissue TMAO
concentration, while TMA levels rose minimally. These rats also demonstrated a daily increase
in TMA and TMAO excretion and reduced renal FMO1 and FMO3 expression, indicating
efficient TMA-to-TMAO conversion.

This thesis contributes new insights into the concentrations of TMA, TMAO, and their
precursors in commonly used laboratory animals, as well as the activity of FMOs. These
findings enhance our understanding of TMA and TMAO metabolism and their roles
in cardiovascular and kidney diseases. Additionally, our research may aid in selecting
appropriate animal models for future studies. Importantly, this thesis provides data on the

negative impact of chronic TMA administration on cardiovascular and kidney functions.

Strona | 11



Wstep uzasadniajacy polaczenie wskazanych publikacji w jeden cykl

Rosngca liczba badan wskazuje na wazng role mikrobioty jelitowej dla prawidlowego
funkcjonowania organizmu. Liczbe mikrorganizméw w jelicie grubym szacuje si¢ na 10'!-10'2
w ml jego zawartosci, sg to gléwnie bakterie (1). Bakterie produkuja r6zne zwigzki, ktére moga
istotnie oddziatywac¢ na organizm czlowieka. Jednym z takich zwiazkow jest trimetyloamina
(TMA).

Substratami do produkcji TMA przez bakterie jelitowe sg sktadniki pokarmowe -
cholina i karnityna, ktére nie zostang wchtonigte w jelicie cienkim i zostang przepasazowane
do jelita grubego (2-4). W watrobie TMA utleniana jest przez FMOs do TMAQO. Wyréznianych
jest 5 izoform FMO u ludzi 1 zwierzat. Za utlenianie TMA do TMAO w watrobie u wigkszosci
ssakow odpowiada gtéwnie izoforma FMO3 (5). Ekspresja FMOs byta rowniez wykazywana
w nerkach i ptucach, zaréwno u ludzi, jak i u zwierzat (6-9).

Innymi zrédtami TMA i TMAO w organizmie cztowieka sg ryby i owoce morza (10-
12). U zwierzat morskich wykazano istotng rolg TMAOQO jako piezolitu i osmolitu, czyli zwigzku
chronigcego biatka przed wysokim ci$nieniem hydrostatycznym oraz wysokg osmolarnoscia
(13-15). TMAO petni rolg osmolitu takze w rdzeniu nerek ssakéw, gdzie osmolarnos¢ jest 4-5
krotnie wigksza niz osmolarnos$¢ osocza (16).

Potencjalnie mozliwe sa réwniez jeszcze inne zrodta TMA w organizmie czlowieka,
poniewaz TMA stosowana jest do produkcji np.: tworzyw sztucznych, $rodkow
dezynfekujacych, srodkéw wabigcych owady, stodzikéw, aromatéw owocOw morza, witaminy
B4. TMA jest takze sktadnikiem zanieczyszczenia powietrza (17). Gtéwna droga eliminacji
TMA 1 TMAO z organizmu jest mocz (18, 19).

Zatem na st¢zenia TMA i TMAO we krwi i tkankach wptyw maja: dieta, sktad
i aktywno$¢ mikrobioty jelitowej, poziom absorpcji TMA przez barier¢ jelito — krew,
aktywno$¢ FMOs i poziom utlenienia TMA do TMAO oraz ilos¢ TMA i TMAO wydalana wraz
z moczem (Ryc. 1) (20).

W ostatnich latach wykazano pozytywng korelacj¢ pomi¢dzy wzrostem st¢zenia TMAO
we krwi i moczu, a ryzykiem wystgpienia incydentéw sercowo-naczyniowych i niewydolnoscig
nerek (21-23). Choroby serca mogg powodowa¢ niewydolno$¢ nerek i na odwrét, chore nerki
moga przyczyniac si¢ do rozwoju choréb sercowo-naczyniowych (24). Wielu badaczy uwaza,
ze TMAO odgrywa kluczowa role w patogenezie tych choréb (25-29). Badania wykazaty,
ze pacjenci m. in. z przewlekla niewydolno$cig nerek maja podwyzszone st¢zenie TMAO

we krwi 1 moczu (18, 23, 30, 31). TMAO moze powodowaé¢ widknienie nerek (23, 29).
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Dowiedziono réwniez istnienie pozytywnej korelacji pomiedzy stgzeniem TMAO we krwi
a rozwojem miazdzycy, niewydolnoscig serca oraz nadcisnieniem (2, 22, 32, 33). Dotychczas
brak jest jednak danych z badan interwencyjnych u ludzi, a wyniki badan przedklinicznych nie
sa jednoznaczne. Niektére badania nie potwierdzajg opisanych powyzej korelacji (34, 35),
a cz¢$¢ badan wskazuje, ze TMAO moze wywiera¢ korzystny wplyw na uktad krazenia (36-
38).
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Ryec. 1. ,,Czynniki wplywajace na stezenie TMA i TMAO w osoczu.”

A. Drapata, M. Szudzik, D. Chabowski, I. Mogilnicka, K. Jaworska, K. Kraszewska, E.
Samborowska, M. Ufnal. Heart Failure Disturbs Gut-Blood Barrier and Increases Plasma

Trimethylamine, a Toxic Bacterial Metabolite. Int J Mol Sci. 2020 Aug 26;21(17):6161
(zmodyfikowano).

Przyczyna niezgodnos$ci w wynikach badan mogg by¢ réznice w metodyce takie jak:
prowadzenie badan z uzyciem réznych dawek oraz r6znych modeli zwierzecych. Najczesciej
wykorzystywanymi do badan przedklinicznych gatunkami sg: szczur we¢drowny oraz mysz
domowa. Wiadomo, ze gatunki te r6znig si¢ aktywnoscig FMOs, u samcéw myszy ekspresja
genu FMO3 zostaje wytaczona w wieku 5-6 tygodni (9, 39). Od tego momentu jedynie FMO1
odpowiada za utlenianie okoto 10% TMA (40), przez co samce myszy charakteryzujg si¢

wysokim stezeniem TMA we krwi oraz moczu. Z tego powodu czesto w badaniach dotyczacych
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TMA i TMAQO stosuje si¢ samice myszy. Jednak ze wzgledu na cykl menstruacyjny i zmiany
hormonalne przeprowadzanie badan przedklinicznych wylacznie na samicach jest
skomplikowane. Wykazano bowiem, ze miesigczka moze by¢ czynnikiem wptywajacym
na wystgpowanie przejsciowej trimetyloaminurii u kobiet (41, 42).

Wydaje si¢, ze szczur wedrowny jest bardziej odpowiednim gatunkiem
do przeprowadzenia badan przedklinicznych dotyczacych roli TMA 1 TMAO. Szczury
wykazujg bowiem ekspresje zarowno FMOI1, jak 1 FMO3 w watrobie. Za utlenianie TMA
do TMAO odpowiada u tego gatunku giéwne FMO3, podobnie jak u ludzi (9). Wykorzystanie
réznych gatunkéw zwierzat moze utrudniaé interpretacje wynikéw i zmniejsza¢ ich wartos¢
translacyjng. Dobor odpowiedniego modelu zwierzgcia jest kluczowy przy projektowaniu
badan przedklinicznych (43-45). Dotychczas nie poréwnano stezen TMA, TMAO 1 ich
prekursoréw we krwi i moczu u obu gatunkéw, a oznaczenie stezen tych substancji w tkankach
zwierzecych wykonywano w pojedynczych badaniach (46).

Kawia domowa jest takze wykorzystywana w badaniach przedklinicznych. Gatunek ten
charakteryzuje si¢ zblizonym do cztowieka profilem lipoprotein, metabolizmem cholesterolu
oraz czynnoscia elektryczng serca (47-49), stad moze by¢ preferowanym modelem do badan
uktadu sercowo-naczyniowego. Jednak do tej pory nie oznaczano stgzen TMA i TMAO
w materiale biologicznym, a takze nie przeprowadzono badan na temat wptywu TMA i TMAO

na uktad sercowo-naczyniowy u tego gatunku.

W ostatnich latach, zesp6t prof. Ufnala zaproponowat, ze to TMA, a nie TMAO moze

wywiera¢ negatywy wptyw na uklad krazenia (50, 51).

Wpltyw TMA na rozwdj choréb uktadu krazenia i nerek dotychczas nie byt przedmiotem
intensywnych badan. Wczesniejsze badania wykazatly toksyczne dziatanie TMA w przypadku
narazenia na dlugotrwatg ekspozycje lub jej wysoka dawke w wyniku podania doustnego lub
przez inhalacje. Do obserwowanych objawéw nalezaly nudnosci, wymioty, biegunka, trudnosci
w oddychaniu oraz podraznienie bton sluzowych nosa i jamy ustnej (52-55). Przeprowadzono
rowniez wiele badan na temat trimetylaminurii (fish odor syndrome), ktéra zwigzana jest
z akumulacja TMA w organizmie czlowieka w wyniku braku aktywnosci FMO3 watrobie (56,
57). Chorzy na trimetyloaminuri¢ charakteryzuja si¢ nieprzyjemnym zapachem,
przypominajacym zapach zepsutych ryb, ktéry spowodowany jest zwickszonym wydalaniem
TMA w moczu, oddechu oraz pocie (58). GIéwnymi objawami towarzyszacymi jest cuchnacy

oddech oraz zaburzenia psychiczne takie jak depresja (58, 59).
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W medycznych bazach danych dostepnych jest jednak niewiele informacji na temat
wpltywu TMA na rozwdéj choréb sercowo-naczyniowych i nerek. Dowiedziono, Ze pacjenci
z krancowa niewydolnoscig nerek charakteryzuja si¢ wzrostem st¢zenia TMA w osoczu, a takze
wzrostem ilosci TMA w wydychanym powietrzu (60, 61). W badaniu przeprowadzonym
u dzieci z niewydolnoscig nerek wykazano réwniez odwrotng korelacje pomiedzy stezeniem
TMA w osoczu, a eGFR (30). W badaniach, ktérych jestem wspétautorem dowiedliSmy,
ze ostre podanie TMA, a nie TMAO, powoduje wzrost ciSnienia te¢tniczego krwi u szczuréw
(50). Do tej pory nie byto przeprowadzone badanie na temat wplywu przewleklego podawania
TMA na uktad sercowo-naczyniowy i nerki.

Przedstawiona rozprawa doktorska pt. ,,Wpltyw trimetyloaminy na funkcje uktadu
krazenia 1 nerek.” stanowi monotematyczny cykl 2 prac oryginalnych, opublikowanych
w czasopismach anglojezycznych o zasiggu mi¢dzynarodowym. Doktorant jest pierwszym
autorem we wszystkich pracach. Laczna warto§¢ wskaznika cytowan (Impact Factor)
czasopism, w ktérych prace zostaly opublikowane wynosi 11,1, natomiast suma punktéw

wg listy MNiSW z 2024 roku to 200.
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Zalozenia i cel pracy

Zalozenia i hipoteza badawcza

Celem pracy doktorskiej bylo okreslenie fizjologicznych stezen TMA, TMAO i ich

prekursoréw u zwierzat laboratoryjnych, poszerzenie wiedzy na temat FMOs i metabolizmu

TMA/TMAOQ oraz zbadanie wptywu TMA na funkcje uktadu sercowo-naczyniowego 1 nerek.

Hipoteza badawcza zaktadata, ze trimetyloamina ma negatywny wplyw na funkcjonowanie

uktadu sercowo-naczyniowego oraz nerek.

Glowne i szczegotowe cele pracy:

1. Okreslenie fizjologicznych stezen TMA, TMAO i ich prekursorow u zwierzat

laboratoryjnych.

a.

Poréwnanie st¢zen choliny, karnityny, TMA 1 TMAO we krwi, moczu oraz
homogenacie z katu i1 tkanek (serce, ptuca, watroba, nerki) u trzech powszechnie
stosowanych gatunkéw zwierzat laboratoryjnych: mysz domowa, szczur
wedrowny oraz kawia domowa.

Poréwnanie ekspresji 1 poziomu biatek FMOI1, FMO3 1 FMOS w tkankach
(serce, pluca, watroba, nerki) u trzech powszechnie stosowanych gatunkéw
zwierzat laboratoryjnych: mysz domowa, szczur wedrowny oraz kawia

domowa.

2. Zbadanie wplywu trimetyloaminy na funkcjonowanie ukladu sercowo-naczyniowego

oraz nerek.

a.

b.

Zbadanie wplywu przewlektego, doustnego podawania TMA na bilans
TMA/TMAO oraz st¢zenia karnityny, choliny, TMA i TMAO we krwi, moczu
oraz homogenacie z katu i tkanek (serce, ptuca, watroba, nerki) u szczuréw.
Zbadanie wplywu przewlektego, doustnego podawania TMA na ekspresje
FMO1, FMO3 i FMOS w tkankach (ptuca, watroba, nerki) u szczuréw.
Zbadanie wptywu przewleklego, doustnego podawania TMA na funkcje uktadu
sercowo-naczyniowego u szczurOw, poprzez zbadanie zmian ci$nienia
tetniczego  krwi,  parametréow  echokardiograficznych  oraz ~ zmian

histopatologicznych serca.
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d. Zbadanie wplywu przewlektego, doustnego podawania TMA na funkcje nerek
u szczuréw, poprzez zbadanie zmian parametréw biochemicznych krwi i moczu,

stezenia biatka KIM-1 we krwi i moczu oraz zmian histopatologicznych nerek.
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Abstract

Introduction

Increased plasma trimethylamine oxide (TMAQ) is observed in cardiovascular and meta-
bolic diseases, originating from the gut microbiota product, trimethylamine (TMA), via flavin-
containing monooxygenases (FMOs)-dependent oxidation. Numerous studies have investi-
gated the association between plasma TMAOQO and various pathologies, yet limited knowl-
edge exists regarding tissue concentrations of TMAO, TMAO precursors, and interspecies
variability.

Methods

Chromatography coupled with mass spectrometry was employed to evaluate tissue concen-
trations of TMAO and its precursors in adult male mice, rats, and guinea pigs. FMO mRNA
and protein levels were assessed through PCR and Western blot, respectively.

Results

Plasma TMAO levels were similar among the studied species. However, significant differ-
ences in tissue concentrations of TMAQ were observed between mice, rats, and guinea
pigs. The rat renal medulla exhibited the highest TMAQO concentration, while the lowest was
found in the mouse liver. Mice demonstrated significantly higher plasma TMA concentra-
tions compared to rats and guinea pigs, with the highest TMA concentration found in the
mouse renal medulla and the lowest in the rat lungs. FMO5 exhibited the highest expression
in mouse liver, while FMO3 was highly expressed in rats. Guinea pigs displayed low expres-
sion of FMOs in this tissue.

Conclusion

Despite similar plasma TMAQ levels, mice, rats, and guinea pigs exhibited significant differ-
ences in tissue concentrations of TMA, TMAQO, and FMO expression. These interspecies

PLOS ONE | https://doi.org/10.1371/journal.pone.0297474  January 24, 2024

Strona | 22

1/21



PLOS ONE

Interspecies variations in TMAO pathway

Competing interests: The authors have declared
that no competing interests exist.

variations should be considered in the design and interpretation of experimental studies.
Furthermore, these findings may suggest a diverse importance of the TMAQ pathway in the
physiology of the evaluated species.

1 Introduction

Trimethylamine (TMA) is a gut microbiota metabolite. A plethora of studies show that tri-
methylamine oxide (TMAOQ), a product of the liver oxidation of TMA, is a biomarker in car-
diovascular [1-3], metabolic [4-6] and renal diseases [7]. TMA is produced by gut microbiota
from dietary choline and carnitine [8-13] Another direct source of TMA and TMAO for
humans is seafood [14, 15]. TMA crosses the gut-blood barrier and, in the liver, is rapidly oxi-
dized to TMAO by flavin-containing monooxygenase (FMOs). Extensive research has been
conducted to elucidate FMOs biochemical properties, substrate specificities, and functional
roles. Among them, FMO?5 stands out as it exhibits no activity towards trimethylamine [16-
23].

In humans, FMO3 in the liver plays a key role in the oxidation of TMA [24]. However,
other isoforms of FMO can be found in various organs, such as the kidneys, lungs, heart, and
small intestine, in both humans and animals [25-28]. Deficiency in FMO3 activity within the
human liver leads to a condition commonly known as "fish odor syndrome" or trimethylami-
nuria, characterized by symptoms such as fishy body odor [29-32].

The variations in FMO3 activity between mice and rats have been previously reported. Rats
exhibit expression of both FMO1 and FMO3 in the liver [27]. In this species, FMO3 is respon-
sible for the oxidation of TMA to TMAO, similar to humans. Conversely, the FMO3 gene
expression is suppressed in the liver of male mice, resulting in elevated levels of TMA in their
blood and urine [28, 33]. In both male and female mice, FMO1 is postulated to oxidize approx-
imately 10% of TMA [34].

Studies indicate that TMAO could potentially have detrimental effects on various physio-
logical processes and play a direct role in the progression of cardiovascular, renal, and meta-
bolic diseases [2, 5, 35-38]. However, conflicting data from other studies challenge the
assertion regarding the negative impact of TMAO [39-41], with some evidence suggesting a
positive effect [42-44].

These discrepancies may arise from variations in the doses of TMA/TMAO tested or
differences in the physiological levels or metabolism of TMA/TMAO among different
species [35-39, 42-50], These factors can lead to differences in TMA/TMAO exposure,
potentially influencing the observed effects on health outcomes. Finally, some suggest that
TMA but not TMAO exerts a negative effect on the organism [47, 51-55]. Therefore, the
expression and activity of FMO3 which oxidizes TMA to TMAQO may play a vital role in
the biological effects of exogenous TMA and/or TMAO in interventional experimental
settings.

Proper selection of animal models is crucial for ensuring translatability of findings to
humans, as species-related factors significantly influence data interpretation [56-58].

The interspecies differences in tissue concentrations of TMAO and its precursors in labora-
tory animals, particularly in rats, mice, and guinea pigs, have not been well-established. This
study aimed to determine the tissue concentration of TMAO and its precursors in these com-
monly used experimental species. Furthermore, the expression of flavin-containing monooxy-
genases (FMOs) in different tissues was examined to gain insights into TMA/TMAO
metabolism in these animals.
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2 Materials and methods
2.1 Animals

The study was performed on 15-17-week-old male Sprague-Dawley rats, 10-12-week-old male
BALB/c mice, and 7-8-month American guinea pigs. The age of the animals in our study was
selected to reflect their varied lifespans and developmental rates. Rats and mice were obtained
from the Central Laboratory for Experimental Animals, Medical University of Warsaw,
Poland. Guinea pigs were obtained from Laboratory Animal Breeding of Ilkowice, Poland.
The animal study was conducted in the Laboratory of the Centre for Preclinical Research Lab-
oratory, Medical University of Warsaw. The study was performed according to Directive
2010/63 EU on the protection of animals used for scientific purposes and 1st Local Ethics
Committee permission no 555/2018 and 464/2017.

The animals were quarantined for 2 weeks after they were brought to the laboratory. The
animals were housed in groups of 2-4 in propylene cages, 12 hrs light / 12 hrs dark cycle, tem-
perature 22-23°C, and humidity 45-55%. During this period, the animals were fed a standard
laboratory diet for mice, rats (Labofed B standard, Kcynia, Poland) and guinea pigs (Versele-
Laga Cavia Complete).

After this period, the animals were anesthetized with urethane (1.5 g/kg BW) during light
cycle of the day. Fresh urine samples produced during spontaneous voids before anesthetized
were collected. Blood was collected from the heart, and the animals were euthanized by cervi-
cal vertebrae dislocation in the case of rats and mice or decapitation in the case of guinea pigs.
Feces from the colon were collected and prepared as previously described [59]. The tissue sam-
ples: liver, heart, lung, renal cortex, and renal medulla were collected and frozen at -80 degrees
Celsius.

2.2 Plasma, urine, stools, and tissue TMA and TMAQO measurements

The TMA, TMAOQ, choline and carnitine concentrations in plasma, urine and stools and tissue
homogenates were examined using the liquid chromatography-mass spectrometry technique.
All urine samples were diluted 10 times using water. Mouse urine samples were further diluted
1000 times or 10 000 times to quantify TMA concentration. Liver, lungs, heart, and kidney
(separately the cortex and the medulla) samples were weighed and placed in 10% ethanol

(90 uL per 10 mg tissue). Homogenized using the Precellys Cryolys Evolution tissue homoge-
nizer (Bertin Instruments) and stored at -80°C until analysis.

Analyte concentrations were evaluated using Waters Acquity Ultra Performance Liquid
Chromatography (Waters, Milford, Massachusetts, USA) coupled with Waters TQ-S triple-
quadrupole mass spectrometer (Waters, Manchester, UK). Tissue preparation and the exact
determination of metabolites in tissue homogenates have been previously described [52]. The
metabolite concentrations in tissues were measured in dry tissue mass.

2.3 Real-time PCR

Total RNA was extracted from the lungs, liver, heart, renal cortex and renal medulla using Tri-
zol™ reagent (Thermo Fisher Scientific, Waltham, USA). The RNA concentration and purity
(Ratios 260/280 and 260/230) were determined by photometric measurement (NanoPhot-
ometer® N60, Implen, Munich, Germany). The cDNA was produced with an iscript® (Bio-
Rad, Hercules, USA) kit according to the manufacturer’s protocol. A Bio-Rad real-time system
with iTaq@® Universal SYBR Green Supermix (Bio-rad, Hercules, CA, USA) was used to per-
form real-time PCR using gene-specific primer pairs shown in S1 Table. Primers were
designed using the in-silico tool, BLAST. Before the PCR reaction, all primers were analyzed
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using Gradient PCR to determine the optimum annealing temperature. PCR products were
analyzed with a melting curve and agarose gel electrophoresis. The results were calculated by
the Delta-Delta Ct method. mRNA Expression levels were normalized relative to the Gapdh-
reference gene, selected from four different housekeeping genes using NormFinder software
(version 0.953, MOMA, Aarhus, Denmark).

2.4 Western blotting

Protein concentration was determined using the Bradford protein assay (Bio-Rad, Hercules,
USA). Western blotting was performed in liver, lungs, renal cortex, and renal medulla samples.
Protein concentration was determined using the Bradford protein assay (Bio-Rad, Hercules,
USA). All samples were resolved using SDS-PAGE gel by electrophoresis. Next proteins were
transferred into the PVDF membrane (Bio-Rad, Hercules, USA). The membranes were incu-
bated with skimmed milk for one hour at room temperature, then with different primary anti-
bodies overnight at 4°C, followed by a 1-hour incubation with secondary antibodies labeled
with AP. The dilutions of the primary and secondary antibodies are shown in S2 Table. Finally,
Quantitative analysis of proteins was performed by ChemiDoc MP Imaging System and Quan-
tity One software (Bio-rad, Hercules, USA).

2.5 Statistics

The Shapiro-Wilk test was used to test the normality of the distribution. Differences in the
concentrations of choline, carnitine, TMA, and TMAOQ in the plasma and urine within one
species were evaluated by Mann-Whitney U Test. Differences in the concentrations of choline,
carnitine, TMA, and TMAQ in the tissue homogenates and FMOs expression in the tissues
within one species were evaluated by Kruskal-Wallis test, followed by post-hoc Dunn’s test.
Differences in the concentrations of choline, carnitine, TMA and TMAO in the plasma, urine
and tissue homogenates between the three species were evaluated by Kruskal-Wallis test, fol-
lowed by post-hoc Dunn’s test. Statistical analysis was conducted using STATISTICA 13.3
(Stat Soft, Krakow, Poland). Outliers were defined (results above Q3 + 1.5 x IQR and below
Q1-1.5x IQR) and removed from the statistical analysis. A value of two-sided p<0.05 was con-
sidered significant.

3 Results
3.1 Part 1—comparison within one species

Plasma and urine concentrations of TMAO and its precursors are presented in Table 1.

3.1.1 Mice. The median of TMA and TMAO urine concentrations was 9500-fold and
500-fold higher, respectively, than the plasma concentrations of these substances. The renal
cortex and medulla exhibited the highest concentrations of choline and TMA in mouse tissue,
respectively. Conversely, the heart and lungs had the lowest concentrations of choline and
TMA, respectively. In contrast, the heart had the highest carnitine concentration, while the
renal cortex had the lowest concentration. TMAQ concentrations in all examined tissues of
mice were generally low, with a median below 30 nM/g. The liver had the lowest TMAOQ con-
centration, with a median below 3 nM/g (Table 2).

Among the examined tissues, mouse liver displayed the highest expression of the FMO5
gene. Additionally, mice exhibited FMO3 gene expression in all the examined tissues, albeit at
lower levels compared to FMOS5 gene expression (Fig 1).

3.1.2 Rats. The choline concentration in urine was found to be 20-fold higher than in
plasma, while the TMAOQ concentration in urine was 67-fold higher than in plasma. Plasma
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Table 1. Species-specific comparison of TMAO, TMA and other metabolites concentrations in plasma and urine.

Parameter [pM/L] | Plasma Urine

Mice ‘

Choline 42.68 (36.54; 48.78) | 372.18 (185.54; 464.65)
Carnitine 22.76 (20.65; 26.43) | 47.79 (43.38; 146.93)
TMA | 1.90 (0.60; 2.35) 17922.01 (345.30; 36429.84)
TMAO 3.68 (3.36; 4.26) 1788.76 (993.74; 3315.89)
Rats |

Choline 1 27.01 (23.39; 40.23) | 550.92 (301.78; 778.48)
Carnitine | 40.60 (38.37; 43.33) 36,64 (32.26; 49.21)
TMA <LOQ 3.40 (1.94; 6.19)

TMAO 9.10 (7.41; 9.82) :7614.51 (471.73; 798.42)
Guinea pigs

Choline 51.22 (32.06; 67.60) 69.11 (54.19; 97.32)
Carnitine 22.55 (20.03; 32.49) | 1.98 (129 2.31)

TMA 0.04 (0.01; 0.07) 33,16 (19.24; 59.62)
TMAO 3.24 (2.73;9.19) 619.81 (364.75; 1066.12)

Abbreviations: LOQ, Limit of quantification; TMA, trimethylamine; TMAQ, trimethylamine oxide. LOQ for TMA in
plasma = 0.017 uM/L. All data are expressed as the median.

https://doi.org/10.1371/journal.pone.0297474.t001

TMA levels were below the limit of quantification, indicating very low levels of TMA in the
blood (Table 1). The renal cortex and medulla exhibited the highest concentrations of choline,
TMA, and TMAO, while the heart and lungs had the lowest concentrations of these sub-
stances. In contrast, the heart had the highest carnitine concentration, whereas the renal cortex
and medulla had the lowest concentrations (Table 2).

Among the FMO genes, FMO1, FMO3, and FMO5 showed the highest expression levels in
the livers of rats. Notably, the FMO3 gene exhibited the highest expression among all the FMO
genes. Minimal expression of FMO1 and FMO3 was observed in the renal cortex and medulla
of rats (Fig 1).

3.1.3 Guinea pigs. In guinea pigs, the plasma carnitine concentration was found to be
11-fold higher than in urine. Conversely, the median concentrations of TMA and TMAO were
significantly higher in urine compared to plasma, with increases of over 800-fold and almost
200-fold, respectively (Table 1). The renal medulla exhibited the highest choline concentration,
while the heart had the lowest concentration. The heart had the highest carnitine concentra-
tion, whereas the liver had the lowest concentration. Guinea pigs displayed low concentrations
of TMA and TMAO in all examined tissues, with median concentrations below 20 nM/g. The
liver had the highest TMA concentration, while the renal medulla had the highest TMAQ con-
centration. The heart had the lowest concentrations of both TMA and TMAO (Table 2).

Guinea pigs exhibited low expression of the FMO genes in the examined tissues, with no
significant difference observed between the tissues. FMO3 showed the highest expression
among the FMO genes (Fig 1).

3.2 Part 2 -Interspecies comparison

3.2.1 TMA and TMAO concentrations in plasma and tissues. Rats exhibited a higher
plasma concentration of creatinine compared to mice and guinea pigs (Table 3). Mice dis-
played significantly higher plasma TMA concentration than guinea pigs, while also showing a
significantly lower TMAQO/TMA ratio in plasma. Plasma TMA levels in rats were below the
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Table 2. Species-specific comparison of TMAOQO and its precursors in the tissue homogenate.

Parameter [nM/ | Liver Heart Lungs Renal Cortex Renal medulla Kruskal-Wallis

g] test

Mice

Choline 3287.15(2134.77; 409.01 (378.99; 1185.42 (1121.19; 5936.21 (5516.04; 11558.12 (10385.53; 13407.00) | P < 0.001
4490.67) 488.68) 1250.79) 6513.84)### B4, G&&

Carnitine 153.86 (129.59%; 454.72 (429.28; 402.70 (381.97; 106.79 (86.63; 129.68) 121.26 (100.00; 136.62)###; & P < 0.001
179.43) 499.83)* 416.83) ###; &&

TMA 35.32(20.13; 47.56) | 7.05 (5.79; 9.40) 2.76 (2.30; 2.96)" 48.31 (41.01; 74.24) 70.80 (48.53; 96.49)##, &&& P < 0.001

&&&

TMAO 2.04 (1.69; 5.23) 9.95 (7.86; 48.03) 21.86 (20.61; 33.20)** | 20.56 (12.92; 114.54)** | 28.75 (11.95; 113.58)** P = 0.001

Rats

Choline 1818.51 (1417.03; 247.19 (228.96; 867.00 (829.75; 2295.91 (1329.02; 4344.08 (3478.40; 5055.77)###; | P < 0.001

| 1893.36) | 262.21)* | 957.90) 2836.27)##  &&& |

Carnitine 154.24 (132.83; 650.07 (638.39; 305.01 (291.00; 96.46 (91.01; 101.30) 94.96 (91.31; 99.15)###, && P < 0.001
169.44) 677.23) 321.09) ##, &&

TMA 10.09 (7.97; 12.57) 0.84 (0.75; 1.17) 0.71 (0.60; 0.85) 54.53 (39.55; 86.94)### | 49.56 (44.03; 55.95)##, &&& P < 0.001

| &&&

TMAO 26.75 (16.33; 33.03) 3.95 (3.60; 4.28)* 6.66 (5.40; 10.29) 37.90 (21.85; 48.29)## 62.52 (46.84; 118.01)###; && P < 0.001

Guinea pigs |

Choline 2286.92 (1584.16; 385.60 (259.56; 1453.19 (1352.48; 5713.83 (5434.18; 9505.60 (8140.01; 10647.24)%; P < 0.001
3893.22) 544.80) 1547.02) 6143.23)### ###; &&

Carnitine 98.79 (91.10; 116.78) | 690.72 (639.38; 266.78 (215.78; 149.94 (124.75; 178.84)# | 120.96 (104.00; 141.78)### P < 0.001

817.09)** 285.33)*
TMA | 14.02 (4.45; 32.45) 0.99 (0.20; 1.89)** 3.81(1.57;4.27) 7.04 (6.94; 8.59)# 12.49 (9.14; 14.06)###; & P < 0.001
TMAO 9.81 (7.64; 13.98) 3.01 (1.75; 5.64) 6.50 (3.79; 10.96) 16.82 (12.30; 23.46)## 18.15 (11.56; 30.91)## P < 0.001

Abbreviations: TMA, trimethylamine; TMAQ, trimethylamine oxide. All data are expressed as the median, Q1, Q3; Kruskal-Wallis test followed by post-hoc Dunn’s

test.
*P < 0.05 vs. liver

P < 0.01 vs. liver

#P < 0.05 vs. heart

##P < 0.01 vs. heart

##4P < 0.001 vs. heart
&P < 0.05 vs. lungs
&&P < 0.01 vs. lungs
&&&P < 0.001 vs. lungs.

https://doi.org/10.1371/journal.pone.0297474 1002

limit of quantification. All study groups demonstrated a similar median plasma concentration
of TMAO (Fig 2).

In terms of TMA concentration in the liver, mice exhibited higher levels compared to rats
and guinea pigs, with a 3.5-fold and 2.5-fold difference, respectively. However, the TMAO
concentration in the liver of mice was 13-fold lower than that of rats. The TMAO/TMA ratio
in the liver was almost 30-fold higher in rats compared to mice (Fig 3). Mice displayed higher
TMA concentration in the heart compared to rats and guinea pigs, with an 8-fold and 7-fold
difference, respectively. The TMAO concentration in the heart was 3-fold higher in mice com-
pared to rats and guinea pigs. Additionally, the TMAO/TMA ratio in the heart was signifi-
cantly higher in rats compared to mice (Fig 3). Rats exhibited lower TMA concentration in the
lungs compared to mice and guinea pigs, with a 4-fold and 5-fold difference, respectively. The
median TMAO concentration in the lungs was 3-fold higher in mice compared to rats and
guinea pigs. Furthermore, guinea pigs had a 5-fold lower TMAO/TMA ratio in the lungs com-
pared to mice and rats (Fig 3). In the renal cortex, guinea pigs displayed lower TMA
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Fig 1. Tissue FMOs, RT-qPCR analysis of FMO1, FMO3 and FMOS transcript levels in mice, rats and guinea pigs tissues:
liver, heart, lungs, renal cortex, renal medulla. Abbreviation: FMO, Flavin-containing monooxygenase. All data are expressed
as the median, Q1, Q3, MIN, MAX (n = 5 or 6; use arbitrary units); Kruskal-Wallis test followed by post-hoc Dunn’s test;
*P<0.05; **P<0.01; ***P<0.001.

https://doi.org/10.1371/journal.pone.0297474.9001

concentration compared to mice and rats, with a 7-fold and 8-fold difference, respectively.
The TMAQ/TMA ratio in the renal cortex was higher in guinea pigs compared to mice and
rats, with a 7-fold and 4-fold difference, respectively. There were no significant differences
observed between the study groups in terms of TMAQO concentration in the renal cortex (Fig
4). The median TMA concentration in the renal medulla was lower in guinea pigs compared
to mice and rats, with a 6-fold and 4-fold difference, respectively. The TMAQ concentration in
the renal medulla was 3-fold higher in rats compared to guinea pigs. No significant differences
were found between the groups in terms of the TMAO/TMA ratio in the renal medulla (Fig 4).

3.2.2 Protein quantification of FMO3 and FMO5. The levels of FMO3 protein in the
liver (Fig 5), renal cortex, and renal medulla (Fig 6) were significantly higher in rats and guinea
pigs compared to mice. Furthermore, rats exhibited a significantly higher level of FMO3 pro-
tein in the liver and a significantly lower level in the renal cortex compared to guinea pigs. On
the other hand, the level of FMOS5 protein in the liver (Fig 5) was highest in mice. Rats also
showed a high level of FMOS5 protein in the liver.

3.2.3 Choline and carnitine concentrations in plasma and tissues. Among the examined
tissues, rats exhibited the lowest choline concentrations compared to mice or guinea pigs.
Mice had the lowest concentration of carnitine in the heart and the highest concentration in
the lungs. Rats displayed the lowest carnitine concentration in the renal medulla. Guinea pigs
had the lowest concentration of carnitine in the liver and the highest concentration in the
renal cortex (Table 4).

Table 3. Species-specific comparison of TMAQ, TMA, and other metabolites plasma and urine concentrations.

Parameter [p,lM/l.J Mice Rats | Guinea pigs Kruskal- Wallis test
Plasma

Choline 42.68 (36.54; 48.78) 27.01 (23.39; 40.23) 51.22 (32.06; 67.60) P=0.09
Carnitine 22.76 (20.65; 26.43) 40.60 (38.37; 43.34)* 22.55 (20.03; 32.49)# P =0.007
Urine

Choline 372.18 (185.54; 464.65) 550.92 (301.78; 778.49) 69.11 (54.19; 97.32)*, #4# P < 0.001
Carnitine 47.79 (43.38; 146.93) 36.64 (32.26; 49.21) 1.98 (1.29; 2.31)*** # P < 0.001
TMA 17922.01 (345.30; 36429.84) 3.40 (1.94; 6.19)*** 33.16 (19.24; 59.62) P < 0.001
TMAO 1788.76 (993.74; 3315.89) 614.51 (471.73; 798.42)* 619.81 (364.75; 1066.12)* P =0.009
TMAO/TMA ratio 0.10 (0.09; 3.60) 225.51 (58.47; 282.12)*** | 13.34 (10.58; 26.75) P < 0.001
‘Stools

Choline 72.71 (60.99; 130.64) 19.90 (15.86; 55.94)* 60.84 (34.14; 127.10) P=0.02
Carnitine 0.85 (0.52; 1.40) 0.28 (0.17; 1.19) 0.57 (0.38; 0.64) P=0.18
TMA 51.16 (32.06; 59.87) 14.41 (9.18; 16.87)* 5.96 (1.75; 10.50)** P =0.001
TMAO <LOQ <LOQ <LOQ

All data are expressed as the median, Q1, Q3; Kruskal-Wallis test followed by post-hoc Dunn’s test.

*P < 0.05 vs. mice

**P < 0.01 vs. mice

P < 0.001 vs. mice

#P < 0.05 vs. rats

###P < 0.001 vs. rats.

https://doi.org/10.1371/journal.pone.0297474.t003
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Fig 2. Three species comparison—Plasma. Comparison of the concentrations of TMA, TMAO and the TMAO/TMA
ratio in the plasma. Abbreviations: TMA, Trimethylamine; TMAO, Trimethylamine oxide. LOQ for TMA in

plasma = 0.017 uM/L. All data are expressed as the individual values and median; Kruskal-Wallis test followed by post-
hoc Dunn’s test; *P<0.05; **P<0.01.

https.//dol.org/10.1371/journal.pone.0297474.9002

4 Discussion

The key finding of our study is the significant variation in tissue concentration of TMA and
TMAO among mice, rats, and guinea pigs, despite comparable plasma levels of TMAO. Addi-
tionally, we observed pronounced differences in the concentrations of methylamines across
different organs and tissues. Specifically, the kidneys displayed the highest concentrations,
while the lungs and hearts exhibited the lowest concentrations of these compounds.

TMAO originates mostly from TMA, a gut microbiota product of dietary choline and car-
nitine [8-13]. TMA crosses the gut-blood barrier and is oxidized to TMAO by hepatic FMO3
[24]. The expression of the gene encoding FMO3, is switched off in the liver of male mice at
the age of 5-6 weeks [28, 33]. In male mice, hepatic FMO1 is responsible for approximately
10% of TMA oxidation to TMAO. These factors contribute to the higher concentration of
TMA in mice plasma compared to other species [34].

Increasing evidence suggests that plasma TMAO is a marker of cardiovascular, renal, and
metabolic diseases [1-7, 60]. Furthermore, findings from multiple studies suggest a potential
involvement of TMAQO and TMA in the development of the aforementioned diseases. How-
ever, it is crucial to acknowledge the current lack of clinical interventional studies in humans.
The existing experimental interventional studies, conducted in diverse animal species and
under varying experimental conditions, have produced conflicting results and interpretations
[39-44].

The present study aimed to address the current gap in knowledge regarding inter-species
differences in tissue concentrations of TMAO, TMA, and their precursors in laboratory ani-
mals. Here, we provide comprehensive data on the levels of carnitine, choline, TMA, and
TMAQ in different tissues and body fluids harvested from the three commonly used species of
laboratory animals. Importantly, this study represents the first attempt to evaluate and com-
pare the concentrations of these metabolites across various tissues and body fluids in these
three species, which are most commonly utilized in the generation of animal models for dis-
ease in pre-clinical studies.
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Fig 3. Three species comparison—Tissues. Comparison of the concentrations of TMA, TMAO and the TMAO/TMA
ratios in the liver, heart and lungs. Abbreviations: TMA, Trimethylamine; TMAQ, Trimethylamine oxide. All data are
expressed as the individual values and median; Kruskal-Wallis test followed by post-hoc Dunn’s test; *P<0.05;
**P<0.01; ***P<0.001.
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Fig 4. Three species comparison—Tissues, continuation. Comparison of the concentrations of TMA, TMAO and
the TMAQO/TMA ratios in the renal cortex and renal medulla. Abbreviations: TMA, Trimethylamine; TMAO,
Trimethylamine oxide. All data are expressed as the individual values and median; Kruskal-Wallis test followed by
post-hoc Dunn’s test; *P<0.05; **P<0.01; ***P<0.001.

https://doi.org/10.1371/journal.pone.0297474.9004

Choline and carnitine in mammals are obtained from the diet and, to a lesser extent,
through endogenous synthesis [61, 62]. Intestinal bacteria metabolize dietary choline and car-
nitine that are not absorbed in the small intestine, leading to the formation of TMA. In the cur-
rent study, rats exhibited significantly lower choline concentrations in tissues compared to the
other two species. However, plasma choline levels were similar among the three species. Nota-
bly, choline concentration in urine was consistently higher than in plasma in all tested species.
Additionally, the kidneys showed the highest choline concentration, suggesting that the kid-
neys play a primary role in choline excretion [63]. In all three species, the heart exhibited the
highest concentration of carnitine, potentially highlighting its primary role in transporting
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Fig 5. FMO3 and FMO5 in the liver. Western blot analysis of FMO3 (A) and FMOS5 (C) protein levels from total
protein extract prepared from the liver in rats, mice and guinea pigs. (B) A representative immunoblot.
Immunolabeled FMO3 and beta actin loading control bands were quantified using a Molecular Imager. Relative levels
of the test proteins are plotted in arbitrary units. Abbreviations: FMO, Flavin-containing monooxygenase. All data are
expressed as the median, mean, Q1, Q3, MIN, MAX (n = 4-6); ANOVA followed by post-hoc Tuckey test. **P < 0.01;
P < 0.001.

https://doi.org/10.1371/journal.pone.0297474.9005

PLOS ONE | https://doi.org/10.1371/journal.pone.0297474  January 24, 2024 12/21

Strona | 33



PLOS ONE

Interspecies variations in TMAO pathway

FMOZ3 in the lungs, renal cortex and medulla

Densitometry WB

B ¥ o B
H Rats Mice G.pigs
£ 1.04
S 0.5+ ' .
feaad ] o o
& \%“P&q“*
*
[ —
o - D
= —
2 159 kkx . .
= [ Rats Mice G.pigs
s 10 = B S0 kD3 ey s | F O3
. -
2 37kDa _.IW Beta Actin
2 o5+ é
s
g 0.0~
@ @"oo_q“g
E = kK F
2 1.5 —
< *kk
H — : .
£ 10 um - Rats Mice G.pigs
g SR LS E—
3 0.5+ ? .
E 0.0~
& & &

o

Fig 6. FMO3 in the lungs, renal cortex and medulla. Western blot analysis of FMO3 protein level from total protein
extract prepared and a representative immunoblot from the (A, B) lungs (C. D) renal cortex and (E, F) renal medulla in
rats, mice and guinea pigs. Immunolabeled FMO3 and beta actin loading control bands were quantified using a
Molecular Imager. Relative levels of the test proteins are plotted in arbitrary units. Abbreviations: FMO, Flavin-
containing monooxygenase. All data are expressed as the median, mean, Q1, Q3, MIN, MAX (n = 5-6); ANOVA
followed by post-hoc Tuckey test. *P < 0.05; ***P < 0.001.

https://doi.org/10.1371/journal.pone.0297474.9006

long-chain fatty acids to the mitochondrial matrix. This process is essential for beta-oxidation
and the subsequent production of energy from fatty acids [64]. Interestingly, we found that
guinea pigs had a tenfold higher concentration of carnitine in plasma compared to urine. This
finding suggests that carnitine is a highly conserved compound in guinea pigs, with a signifi-
cant portion being retained rather than excreted in the urine.
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Table 4. Species-specific comparison of choline and carnitine concentrations in various tissues.

Parameter [uM/kg] | Mice | Rats | Guinea pigs Kruskal-Wallis test
Liver

Choline 3287.15 (2134.77; 4490.67) 1818.51 (1417.03; 1893.36)* 2286.92 (1584.16; 3893.22) P=0.02
Carnitine 153.86 (129.59; 179.43) 154.24 (132.83; 169.44) 98.79 (91.10; 116.78)**, # p=0.002
Heart

Choline 409.01 (378.99; 488.68) 247.19 (228.96; 262.21)* 1385.60 (259.56; 544.80) | P=0.01
Carnitine 454.72 (429.28; 499.83) 650.07 (638.39; 677.23)* 690.72 (639.38; 817.09)** P =0.002
Lungs

Choline 1185.42 (1121.19; 1250.79) | 867.00 (829.75; 957.90) | 1453.19 (1352.48; 1547.02)### P < 0.001
Carnitine 402.70 (381.97; 416.83) 305.01 (291.00; 321.09)* 266.78 (215.78; 285.33)*** P < 0.001
Renal cortex

Choline 5936.21 (5516.04; 6513.84) 2295.91 (1329.02; 2836.27)* 5713.83 (5434.18; 6143.23)## P < 0.001
Carnitine 106.79 (86.63; 129.68) 96.46 (91.01; 101.30) 149.94 (124.75; 178.84)*, ## P =0.003
Renal medulla

Choline | 11558.12 (10385.53; 13407.00) 4344.08 (3478.40; 5055.77)*** 9505.60 (8140.01; 10647.24)# P < 0.001
Carnitine 121.26 (100.00 136.62) 94.96 (91.31; 99.15)" 120.96 (104.00; 141.78) P=0.02

All data are expressed as the median, Q1, Q3; Kruskal-Wallis test followed by post-hoc Dunn’s test.

*P < 0.05 vs. mice
**P < 0.01 vs. mice
P < 0,001 vs. mice
#P < 0.05 vs. rats
##P < 0.01 vs. rats
###P < 0.001 vs. rats.

https://doi.org/10.1371/journal.pone.0297474 1004

4.1 TMA and TMAO concentration

Tissue and plasma levels of TMA and TMAOQ are influenced by the absorption of TMA, its
subsequent oxidation to TMAO, and the excretion of both amines. In the present study, mice
consistently exhibited the highest TMA levels in their tissues. Moreover, mice demonstrated
the highest concentration of TMA in their stool. Based on these findings, we speculate that the
elevated microbial production of TMA in the gut could be an additional factor contributing to
the high plasma concentrations of this compound in mice. To further elucidate the role of gut
microbiota in TMA production, examining TMA concentrations in the blood from the portal
vein across these species would be informative.

The highest concentrations of TMA among the examined tissues were consistently
observed in the renal cortex and medulla, supporting the notion that these organs serve as
major routes for the excretion of TMA and TMAO [65-67].

In our study, the plasma concentration of TMAO in mice, rats, and guinea pigs ranged
between 5 and 10 uM/L (Table 1), which is in line with previously reported levels in healthy
TMAO was comparable across all three species, despite significant differences in tissue con-
centrations of TMA and TMAO. Variations in the rates of TMA to TMAOQ oxidation, tissue
clearance, and urine excretion of these compounds may contribute to this phenomenon. The
urinary excretion of TMA and TMAO plays a crucial role in maintaining low plasma levels of
these metabolites. Numerous studies have consistently demonstrated that impaired kidney
function is associated with elevated plasma levels of TMA and TMAOQ [7, 65, 70, 74]. There-
fore, given the significant differences in tissue concentrations of TMA and TMAO among the
three species, but similar plasma levels of these methylamines, it appears that plasma TMAO
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level could potentially serve as a biomarker for kidney function, akin to plasma creatinine or
cystatin [75-78]. On the other hand, tissue concentrations of TMA and TMAQO may provide
more valuable insights into their potential biological roles and functions within the body,
stressing also interspecies differences.

4.2 FMO expression and TMA/TMAO oxidation

In humans, it is widely recognized that FMO3 in the liver plays a significant role in the oxida-
tion of TMA to TMAO [24]. Our study shows that rats have the highest level of FMO3 protein
and the highest TMAO/TMA ratio in the liver, compared to mice and guinea pigs. Moreover,
rats exhibited FMO5 gene expression and a high level of FMOS5 protein in the liver. Notably,
we also detected FMO1 and FMO3 gene expression in the renal cortex and renal medulla of
rats, along with the highest TMAO/TMA ratio in the renal medulla. These findings suggest
that TMA is metabolized to TMAO in the kidneys of rats as well. Other studies have reported
FMO1 expression in the kidneys of both humans and rats [79, 80]. The TMAO/TMA ratio in
urine was highest in rats. However, both rats and guinea pigs exhibited ratios above 1, con-
firming effective TMA metabolism to TMAO in these species.

Guinea pigs exhibited lower levels of FMO3 protein and a lower TMAO/TMA ratio in the
liver compared to rats. Additionally, they had the lowest level of FMOS5 protein in the liver
among all the species studied. However, guinea pigs demonstrated the highest level of FMO3
protein in the renal cortex and renal medulla compared to the other two species. Moreover,
the TMAO/TMA ratios were above 1 in both the renal cortex and renal medulla of guinea
pigs. These findings suggest that kidney oxidation likely plays an important role in the metabo-
lism of TMA to TMAO in guinea pigs.

We investigated the expression of FMO1, FMO3, and FMOS5 in five different tissues.
Among the studied species, mice exhibited the highest expression of FMOS5 in the liver. Con-
versely, mice demonstrated low expression levels of FMO1 and FMO3 in the liver as well as
other tissues. Furthermore, mice had the lowest level of FMO3 protein and the highest level of
FMOS5 protein in the liver compared to the other species examined. These findings support the
notion that in the liver of male mice, FMO3 is not actively involved in TMA metabolism [28,
33]. Janmohamed et al. showed that the most expressed FMO in the mice liver is FMO5, which
is consistent with our results [28]. Further studies investigating the role of FMO5 in male mice
are warranted to gain a deeper understanding of its function in TMA metabolism. Addition-
ally, it is noteworthy that in our study in most tissues of mice, the TMAO/TMA ratio was
below 1. This observation suggests that TMA metabolism is relatively low in the overall mouse
body.

Several studies suggest that the guinea pig may be the preferred model for preclinical car-
diovascular research due to its lipoprotein profile, cholesterol metabolism, and heart electro-
physiology, which closely resemble those of humans [81-84]. To date, experimental studies
investigating the role of TMAO in cardiovascular disease in guinea pigs are lacking. This study
establishes the plasma and tissue concentration of TMAO and its precursors in guinea pigs for
the first time, paving the way for further research on evaluating the impact of TMAO in car-
diovascular and other diseases using the guinea pig model.

The limitation of our study lies in the absence of calculations for the total 24-hour turnover
of TMAOQ and its precursors. Such calculations would necessitate precise measurements of
24-hour intake and excretion in stools, urine, and exhaled air. A more com-prehensive under-
standing of TMAO metabolism would involve evaluating the metabolism of TMAO precursors
in the intestinal tract, the efficacy of the gut-blood barrier, and metabolism within the liver,
kidney, and other tissues.
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In this study, we analyzed the concentrations of TMAO and its precursors across various
tissues in rats, mice, and guinea pigs. While plasma TMAO levels were similar, we noted
marked differences in tissue concentrations of TMA, TMAQ, and FMOs expression among
the three species. This underscores the interspecies variations in the TMAO pathway, suggest-
ing possible differences in the biological responses to either activation or inhibition of this
pathway through experimental procedures. Recognizing the critical role of species selection in
pre-clinical study design for effective translational research [56, 57], our findings provide valu-
able insights to guide the choice of animal species in upcoming studies.

5 Conclusion

In conclusion, our research provides new data on the distinct concentrations of TMA precur-
sors, TMA, and TMAO in plasma, urine, and tissues across mice, rats, and guinea pigs.
Uniquely, we found that despite similar plasma TMAO levels, tissue concentrations of TMA
and TMAO significantly varied across these species, indicating crucial interspecies differences.
This variation in tissue methylamine concentrations suggests potential disparities in the physi-
ological importance and roles of these compounds, as well as possible differences in biological
responses to exogenous TMA and TMAQ. Such understanding could have notable implica-
tions for future research directions, especially in studies focusing on the role of TMA and
TMAO in cardiovascular, renal, and metabolic diseases. Future preclinical studies should take
into account interspecies differences, particularly in the context of FMOs expression and TMA
and TMAO levels. This approach would help ensure that the research outcomes are more rep-
resentative and reflective of the biological diversity and would enable a more comprehensive
understanding of the precise functions of TMA and TMAO in disease pathogenesis.
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Abstract

Background: Trimethylamine oxide (TMAO) is a biomarker in cardiovascular and renal diseases. TMAO originates
from the oxidation of trimethylamine (TMA), a product of gut microbiota and manufacturing industries-derived pol-
lutant, by flavin monooxygenases (FMQOs). The effect of chronic exposure to TMA on cardiovascular and renal systems
is undetermined.

Methods: Metabolic, hemodynamic, echocardiographic, biochemical and histopathological evaluations were per-
formed in 12-week-old male SPRD rats receiving water (contrals) or TMA (200 or 500 uM/day) in water for 18 weeks.
TMA and TMAO levels, the expression of FMOs and renin-angiotensin system (RAS) genes were evaluated in various
tissues.

Results: In comparison to controls, rats receiving high dose of TMA had significantly increased arterial systolic blood
pressure (126.3+11.4 vs 151.2419.9 mmHg; P=0.01), urine protein to creatinine ratio (1.6 (1.5; 2.8) vs 3.4 (3.3;4.2);
P=0.01), urine KIM-1 levels (23383 £732.0 vs. 3519.0 £ 953.0 pg/mL; P=0.01), and hypertrophy of the tunica media
of arteries and arterioles (36.61 +0.15 vs 45.05 +2.90 um, P=0.001 and 1844 £+ 0.62 vs 23.79£2.60 um, P=0.006;
respectively). Mild degeneration of renal bodies with glomerulosclerosis was also observed. There was no significant
difference between the three groups in body weight, water-electrolyte balance, echocardiographic parameters and
RAS expression. TMA groups had marginally increased 24 h TMA urine excretion, whereas serum levels and 24 h TMAO
urine excretion were increased up to 24-fold, and significantly increased TMAQ levels in the liver, kidneys and heart.
TMA groups had lower FMOs expression in the kidneys.

Conclusions: Chronic exposure to TMA increases blood pressure and increases markers of kidney damage, includ-
ing proteinuria and KIM-1. TMA is rapidly oxidized to TMAQ in rats, which may limit the toxic effects of TMA on other
organs.

Keywords: Trimethylamine, Trimethylamine oxide, Chronic kidney disease, Hypertension, Proteinuria, Kidney damage
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is defined as a cardiorenal syndrome (CRS). There are
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several types of CRS, which are categorized by their
primary cause (heart or kidney dysfunction) and dura-
tion (chronic or acute). Other comorbidities may also be
involved in the development of CRS including diabetes
mellitus or sepsis [2].

Recently, the association between CRS and gut micro-
biota has been intensively investigated [3-6]. For
instance, it has been postulated that trimethylamine
oxide (TMAOQO), one of the gut microbiota-derived
metabolites, may be involved in the pathogenesis of car-
diovascular and kidney diseases. Several studies have
shown that patients with chronic kidney disease (CKD)
have elevated plasma and/or urine TMAQ concentra-
tion [7-10]. Besides, patients with end-stage renal failure
show increased plasma TMAO levels, which decreases
after hemodialysis [11]. Tang et al. found that TMAO
contributes to progressive kidney dysfunction and renal
fibrosis [10]. Finally, a positive correlation between high
plasma TMAO and atherosclerosis [12—14], heart fail-
ure [15, 16] and hypertension [17, 18] was reported, and
a causal relation between TMAOQO and cardiovascular
disease (CVD) has been proposed. However, other stud-
ies suggest beneficial effect of TMAO in CVD [19-21].
Therefore, currently TMAOQ is considered a biomarker in
CVD and renal diseases, but the causative role of TMAO
in CVD is open to debate and may depend on TMAQO
concentration and animal species.

Interestingly, our previous studies found that trimeth-
ylamine (TMA), but not TMAOQO, exerts toxic effects on
the cardiovascular system. Specifically, TMA increased
blood pressure in anesthetized rats during the intra-
venous administration and exerted cytotoxic effects
in im vitro studies [22-24].

Plasma TMAO originates from TMA, a gut bacteria
product of choline and carnitine [25]. Other origins of
TMA in the human body are also possible. First, TMA is
manufactured on the order of thousands of tons world-
wide. It is used in the production of plastics, disinfect-
ants, insect attractants, intense sweeteners, seafood
flavor, vitamin B4 and many other compounds. Second,
TMA is an air pollutant [26]. TMA oxidation occurs
mainly in the liver by the action of flavin monooxyge-
nase 3 (FMO3) [27]. Both TMA and TMAO are removed
from the body by the kidneys [25], although TMA was
also detected in exhaled air in patients with end-stage
renal disease [28]. The impact of TMA on human health
is poorly determined; however, some studies suggested
toxic effects of TMA [28-31].

To the best of our knowledge, the effect of chronic
TMA administration on renal and cardiovascular sys-
tems has not been evaluated thus far. Therefore, the pre-
sent study aimed to assess the impact of chronic TMA
exposure on cardiovascular and renal systems in rats.

Page 2 of 14

Methods

Animal

The study was performed according to Directive 1020/63
EU on the protection of animals used for scientific pur-
poses and approved by the II Local Ethical Committee in
Warsaw (permission: WAW?2/098/2019). The study was
performed on 12-week-old male Sprague—Dawley rats
(SPRD). Rats were obtained from the Central Laboratory
for Experimental Animals, Medical University of War-
saw, Poland.

Rats were housed in groups of 2—-4 animals in pro-
pylene cages, fed a laboratory diet (Labofed B standard,
Kcynia, Poland), 12 h light / 12 h dark cycle, temperature
22-23 °C and humidity 45-55%.

The animals were divided into 3 groups of 9 rats. The
first group had access to tap water (control group), the
second group to a TMA solution (Sigma-Aldrich, St.
Louis, MO, USA) at a concentration of 4.85 mmol/L
(TMA—low dose group—“L group”) and the third group
to a TMA solution at a concentration of 14.24 mmol/L
(TMA—high dose group—“H group”). Based on pilot
experiments, the low dose of TMA was selected as a dose
that did not increase urine TMA excretion (suggesting
complete TMA oxidation to TMAQ). The high dose of
TMA was selected as a dose that increased TMA urine
excretion and plasma concentration. The water or TMA
solutions were available to animals ad libitum. The study
ran for 18 weeks. Blinding of laboratory technicians were
not possible due to characteristic smell of TMA in drink-
ing water and body fluids [32].

Metabolic, echocardiography and hemodynamic
measurements

After 18 weeks, the animals were placed in metabolic
cages for 48 h. The weight of water consumed, food con-
sumed, feces excreted, urine excreted, and body weight
were measured after 24 h and 48 h. 24 h urine collection
was performed to measure water-electrolyte, TMA and
TMAOQ balance and concentrations of choline, carnitine,
TMA and TMAQ. Fresh urine samples produced dur-
ing spontaneous voids were collected to measure urine
protein/creatinine and KIM-1 levels. The next day, an
ECHO was performed (Samsung HM70: an ultrasound
system equipped with a linear probe 5-13 MHz). After
the ECHO study, the animals were anesthetized with ure-
thane (1.5 g/kg BW). The femoral artery was cannulated
for arterial blood pressure measurements with Biopac
MP 150 (Biopac Systems, USA). After completing the
measurements, blood was drawn from the heart to meas-
ure concentrations of serum choline, carnitine, TMA
and TMAQ, serum KIM-1 and other serum biochemical
analysis. The rats were euthanized by cervical vertebrae
dislocation. Colon feces were collected and prepared as
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previously described [33]. The heart, lung, kidney (sepa-
rately cortex and medulla) and liver were collected and
frozen at —80 °Celsius. The harvested fragments of the
liver, kidneys and heart were fixed in a buffered solution
of 10% formalin. The TMA, TMAQ, choline and carni-
tine concentrations in stool, serum and urine were exam-
ined. Serum sodium, potassium, creatinine, urea and
urine creatinine,protein and glucose were analyzed using
a Cobas 6000 analyzer (Roche Diagnostics, Indianapolis,
IN, USA).

Stools, plasma, urine and tissue choline, carnitine, TMA
and TMAO measurements

Tissue samples were weighed, placed in 10% ethanol
(90 puL per 10 mg tissue) and homogenized using the
Precellys Cryolys Evolution tissue homogenizer (Ber-
tin Instruments). After homogenization, samples were
stored at —80 °C until analysis.

Samples were prepared using the derivatization tech-
nique. The derivatization reaction of TMA was based
on a modified Johnson's protocol. The reader is referred
to the Additional file 1: Methods for a detailed descrip-
tion of the protocol. Metabolite concentrations in serum,
urine, stool extract and tissue homogenate were evalu-
ated using Waters Acquity Ultra Performance Liquid
Chromatograph coupled with Waters TQ-S triple-quad-
rupole mass spectrometer. The mass spectrometer was
operated in multiple-reaction monitoring (MRM)-pos-
itive electrospray ionization (ESI+) mode for all ana-
lytes. Analyte concentrations (choline, carnitine, TMA
and TMAO) were calculated using a calibration curve
prepared by spiking water with working stock solutions.
Biological samples (serum, urine, stool extract and tis-
sue homogenate) were compared against the calibration
curve. The concentrations of analytes (choline, carnitine,
TMA and TMAQ) in tissue were measured in dry tissue
mass. For a detailed description of the method, see Addi-
tional file 1: Methods.

Histopathology

The preserved tissues (kidney, liver and heart) were mac-
roscopically examined and then dehydrated in graded
ethanol and xylene baths. The dehydrated sections
(measuring 3—4 pm) were then embedded in paraffin wax
and stained with hematoxylin and eosin (H-E). The liver,
heart and kidney tissue structures were examined using
an Axiolab A5 light microscope with Axiocam 208 color
and ZEN 3.0 software (Zeiss, Jena, Germany). Micro-
scopic evaluation was performed at 10x and 40x mag-
nification. Morphometric measurements of 5 arcuate
arteries and 5 arterioles were performed for each indi-
vidual. Four measurements were made at the x40 lens
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magnification using the ZEN 3.0 software (Zeiss, Jena,
Germany) for each type of vessel.

ELISA test

Serum and urine KIM-1 (cat. No ab223858) levels were
evaluated using EIAab Kits (Wuhan EIAab Science Co.
Ltd., Wuhan, Hubei, China). Both protocols were per-
formed according to the standard protocol by ELISA
Kit Operating Instruction. The absorbance intensity was
measured at 450 nm with a Multiskan microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA). All
experiments were performed in duplicate.

RNA isolation and RT-qPCR

Total cellular RNA was extracted from the lungs, liver,
renal cortex and renal medulla (approximately 15 mg of
wet tissue) using a Trizol reagent (Invitrogen, Carlsbad,
CA, USA) according to Chomczynski and Sacchi [34].
The procedure was performed as previously described
[35]. Specific primers were purchased from Bio-rad
(Additional file 2: Table S1). The PCR products were
subjected to a melting curve analysis to confirm ampli-
fication specificity. Bio-Rad CFX Maestro Software (Her-
cules, CA, USA) was used for data analysis. Transcript
levels were normalized relative to the Gapdh reference
gene (selected from four different housekeeping genes
using NormFinder software: version 0.953, MOMA,
Aarhus, Denmark) for each tissue separately.

Statistic

The Shapiro—Wilk test was used to test the normality of
the distribution. Differences between the three groups
for metabolic, hemodynamic, and ECHO parameters and
serum and urine KIM-1 concentrations, morphometric
measurements of arcuate arteries and arterioles were
evaluated by one-way ANOVA followed by Tukey’s post
hoc test. Differences between the groups for urine pro-
tein, creatinine and glucose concentrations, metabolites
concentrations (choline, carnitine, TMA, TMAQ), TMA/
TMAQO balance, RT-qPCR analysis of FMO1, FMO3,
FMOS5, REN, AGT, AGTrla, AGTrlb, AGT2 were evalu-
ated by Kruskal-Wallis test followed by post-hoc Dunn’s
test. A value of two-sided p <0.05 was considered signifi-
cant. Statistical analysis was conducted using STATIS-
TICA 13.3 (Stat Soft, Krakow, Poland).

Results

Metabolic parameters

After the treatment, there were no significant differences
between the groups in body weight, food intake and
urine output. Rats on TMA tended to drink more water
and excrete more feces (Table 1).
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Table 1 Metabolic parameters

Parameter Control group L group H group One-way ANOVA
Body weight [g] 43152 (£20.08) 42977 (+25.56) 44093 (£21.22) P=053

Water [g/24 h] 31.94 (£6.01) 36.28 (:I:S 07) 3547 (£5.04) P=021

Food [g/24 h] 19.28 (£1.85) 2023 (£1.79) 2033 (:l: 2.70) P=053

Faces [g/24 h] 774 (£233) 10.08 (:l:2 38) 948 (+1.66) P=0.08

Urine [g/24 h] 19.17 (£ 5.64) 1932 (£3.53) 1883 (13 75) P=097

All data are expressed as the mean + SD. ANOVA followed by post hoc Tuckey-test

L group TMA low-dose group; H group TMA high-dose group.

Hemodynamic and ECHO parameters
Rats on TMA showed higher blood pressure (Table 2).
Specifically, the H group had significantly higher systolic
blood pressure and demonstrated a trend towards higher
diastolic blood pressure.

There were no significant differences between the
groups in echocardiographic parameters (Additional
file 3: Table S2).

TMA and TMAO concentrations in stool, serum and urine
The median TMA stool concentration was significantly
higher in the H group than in the control or L group.
The median TMA and TMAO serum concentrations
were significantly higher in the H group than in the con-
trol group, eightfold and sixfold, respectively. TMA and
TMAO serum concentrations were also higher in the L
group than in the control group. The median TMA and
TMAO urine concentrations were significantly higher
in the H group than in controls, 17-fold and 24-fold,
respectively. The median TMAO urine concentration was
higher in the L group than in the control group [11-fold],
but TMA urine concentration was similar to the control
group (Table 3).

There were no significant differences between groups in
choline and carnitine concentrations, TMAQO concentra-
tion in stool was below the lower limit of quantification.

TMA/TMAOQ balance

L and H groups consumed TMA in water at an average
dose of 200 and 500 pM/day, respectively. The amount of
TMA excreted per day was significantly higher in the H

Table 2 Hemodynamic parameters

group than in the control or L group, 17-fold and 20-fold,
respectively. The amount of TMAOQ excreted per day was
significantly higher in H and L groups than in the control
group (Fig. 1), 24-fold and 11-fold, respectively.

TMA and TMAO concentrations in the tissue

In most of the evaluated tissues, TMAQ concentrations
were several-fold higher in TMA groups than in controls.
In contrast, TMA levels were only moderately higher in
TMA groups and there were no significant differences in
choline and carnitine levels, (Table 4).

Urine biochemical analysis

Rats from the H group showed significantly higher pro-
tein concentration in urine, protein/ creatinine ratio and
glucose concentration in urine than the control group
(Fig. 2). Urine KIM-1 levels were significantly higher in
the H group compared to the control group.

Serum biochemical analysis

There was a trend for a higher serum potassium con-
centration in the TMA groups than in the control group
(Additional file 4: Table S3). There were no significant
differences between groups in the serum urea, serum cre-
atinine, serum sodium concentrations, creatinine clear-
ance and KIM-1 protein in serum.

FMOs genes expression

The FMO3 gene expression in the renal cortex and
renal medulla was significantly lower in the L group
than in the control group. The L group had significantly

Parameter Control group L group H group One-way ANOVA
SBP [mmHg] 1263 (£11.4) 1413(:!:179) 1512(:]:199) P=0.02
DBP [mmHg] 70.8 (£14.0) 64.2 (+£13.5) 78 (£14.1) P=0.06
Heart rate [bpml] 314 (£ 86) 330 (+ 58) 373 (£ 13) P=0.16
SVR [mmHg-min-mL-1] 1(£095) 0.73(£0.19) 367 (£5.16) P=014

All data are expressed as the mean £5D; ANOVA followed by post hoc Tuckey-test; *P < 0.05 vs control group

SBP systolic blood pressure, DBP diastolic blood pressure, SVR Systemic Vascular Resistance, L group TMA low-dose group, H group TMA high-dose group
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Table 3 TMAQ, TMA and their precursors concentrations in stool, serum and urine

Parameter [pM/1] Control group L group H group Kruskal-Wallis test
Stool
TMA 19.70 (13.86; 30.38) 30.14 (21.27;41.67) 54.62 (47.88;79.21)** P=0003
Choline 77.55(67.81,92.10) 61.87 (57.19; 84.98) 81.52(77.15;88.23) P=041
Carnitine 8.91(7.43;11.49) 6.07 (3.97;8.03) 6.52(5.87;7.62) P=026
Serum
TMAO 8.96 (6.46; 11.85) 26.25 (25.30; 31.67)* 49.50 (45.84; 84.76)*** P<0.001
TMA 0.04 (0.03;0.04) 0.14 (0.09;0.17)* 0.32(0.27; 0.64)*** P<0.001
Choline 75.92 (60.91; 104.79) 117.31 (93.88; 135.97) 95.77 (78.62; 110.24) P=013
Carnitine 66.77 (60.34; 70.64) 74.90 (64.88; 80.64) 6647 (57.60;73.78) P=029
Urine
TMAO 584.98 (448.50; 686.60) 6 143.59 (5 569.76; 6 449.26)* 14 049.76 (13 902.77; 15 586.82)*** # P<0.001
TMA 15.18 (9.75; 20.99) 15.10(12.94;16.37) 257.37 (207.48; 324.83)***, ##4 P<0.001
Choline 9441 (69.78; 151.54) 13507 (118.75; 160.19) 137.25(129.10; 154.52) P=027
Carnitine 16945 (142.06; 232.12) 15341 (141.67;171.76) 134.18 (123.83; 165.68) P=023

All data are expressed as the median (Q1; Q3); Kruskal-Wallis test followed by post-hoc Dunn'’s test
TMA trimethylamine, TMAO trimethylamine oxide, L group TMA low-dose group, H group TMA high-dose group
*P <0.05 vs control group; **P <0.001 vs control group; *P < 0.05 vs low dose group; "**P <0.001 vs low dose group
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Fig. 1 TMA/TMAO balance. a the amount of TMA consumed per day; b the amount of TMA excreted per day; € the amount of TMAQ excreted per
day in rats maintained either on tap water (control group) or low and high dose of TMA. TMA, trimethylamine; TMAO, trimethylamine oxide. All data
are expressed as the median (n=9); Kruskal-Wallis test followed by post-hoc Dunn’s test; **P < 0.001 vs tap water group; *P < 0.001 vs low dose
group

lower FMO1 gene expression in the renal medulla than  Renin-angiotensin system gene expression

the control group. Additionally, the H group had signif- The AGT gene expression in the renal medulla was sig-
icantly lower FMO3 gene expression in the renal cortex  nificantly lower in the L group than in the control group.
than the control group. There were no significant differ- The AGTrlb gene expression in the renal cortex was
ences between groups in the FMOS5 gene expression in  increased in the L group compared to the control group.
evaluated tissues (Fig. 3). There were no significant differences between groups in
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Table 4 The TMAQO, TMA and other metabolites concentrations in the tissue

Parameter [pM/kg] Control group L group H group Kruskal-Wallis test
Lungs

TMAQ 9.27 (5.19;11.07) 52.04 (48.16; 57.69)* 21825 (191.74; 282.54)*** P<0.001
TMA 6.52(5.14;8.93) 6.71 (5.85;863) 976 (7.26;11.28) P=0.18
Choline 1870.59 (1 784.86; 2 062.80) 203894 (1 985.86; 2 159.95) 1969.03 (1877.74;2120.19) P=042
Carnitine 307.11(277.93; 309.62) 27962 (272.50;342.72) 309.68 (293.66; 334.90) P=023
Liver

TMAO 5.40(4.24;9.57) 19.82(13.79;23.19) 35.85(29.32; 41.87)*** P=0.001
TMA 42.80 (38.09; 47.25) 63.12 (53.61; 73.26)* 80.39 (62.98; 92.61)*** P<0.001
Choline 111292 (921.26; 1 462.16) 112402 (814.50;1 241.82) 126563 (1014.44; 2 007.82) P=011
Carnitine 470.73 (452.88; 481.55) 514.03 (477.57; 589.24) 568.35 (498.70; 589.18) P=034
Renal cortex

TMAO 1448 (13.13; 21.87) 27.76 (26.04; 36.82) 189.74 (82.22; 204.48)*** P<0.001
TMA 15848 (149.59; 163.61) 240.14 (229.81; 262.72)* 487.66 (389.55; 593.86)*** P<0.001
Choline 1441.73(1159.19; 1 538.25) 151266 (1 462.91; 1 687.80) 134640 (1 025.19; 1 521.07) P=056
Carnitine 314.85(291.49; 362.62) 34441 (226.85; 364.37) 35871 (306.06; 434.33) P=078
Renal medulla

TMAO 1853 (14.43; 27.82) 42.74 (34.16; 43.01) 192.02 (73.95; 213.7Q)**, # P<0.001
TMA 193.08 (186.32; 218.50) 286.22 (267.48; 294.91) 449.83 (348.32; 524.00)*** P<0.001
Choline 2 408.67 (1 737.76; 2 570.56) 1198.82(399.11; 1 493.18) 51.37 (1 308.89; 2 353.36) P=006
Carnitine 34155 (314.27, 355.18) 297.82 (288.73;310.64) 306.90 (299.75; 355.56) P=010
Heart

TMAO 3.22(245577) 35.59 (34.37; 48.97)* 96.30 (90.30; 112.43)*** P<0.001
TMA 0.70 (0.58; 0.85) 402 (3.67;4.36)* 32 (10.42; 13.17)%** # P<0.001
Choline 129.98 (124.15; 156.68) 145.91 (134.83; 150.98) 140. 36( 35.37;152.92) P=045
Carnitine 75922 (72741, 796.04) 795.12 (698.43; 838.37) 883.12(814.61;916.01) P=006

TMA, trimethylamine; TMAO, trimethylamine oxide; L group - TMA low-dose group; H group - TMA high-dose group. All data are expressed as the median (Q1; Q3);
Kruskal-Wallis test followed by post-hoc Dunn’s test. *P < 0.05 vs control group; ***P < 0.001 vs control group; #P < 0.05 vs low dose group

the REN, AGTrla, and AGTr2 gene expression (Addi-
tional file 5: Fig. S1).

Histopathological evaluation

The control group showed no pathological changes in the
liver or heart tissue. Nevertheless, in the kidneys of con-
trol animals, we observed some lymphohistiocytic infil-
trates in the stroma, Bowman’s capsule hyperplasia and
thickening of the basal membranes of the tubules and
vessels of the glomerulus.

In the kidneys of the L and H groups, the severity
of the abovementioned changes was greater. Specifi-
cally, in the L and H groups, the pronounced thick-
ening of the membranes of the substate tubules and
glomerular vessels, mild degeneration of renal bodies
with glomerulosclerosis, the hypertrophy of the tunica
media of arteries and arterioles with vacuolization and
degeneration of smooth myocytes were present. The
H group showed significantly thicker accurate arteries
and arterioles (45.05+2.90 um and 23.79+2.60 pm;

respectively) than the control group (36.61+0.15 pm,
P=0.001 and 18.4440.62 pum, P=0.006; respec-
tively) and the L group (40.47 +1.77 pm, P=0.02 and
20.16+£0.99 pm, P=0.02; respectively; Additional
file 6: Fig. S2). Moreover, mild to moderate chronic
progressive nephropathy (CPN) can be described in
rats from L and H groups. These changes are more pro-
nounced in the H group (Fig. 4).

No pathological changes were found in the liver of
the L group. Rats from the H group showed slight to
moderate hepatocyte edema and cytoplasmic vacu-
olization, indicative of hydropic degeneration with
features of acid degeneration. Moreover, there is mar-
ginalization of chromatin in the hepatocytes’ nuclei as
well as prominent large 1-3 nucleoli. In the control and
L groups, no significant lesions in the heart were found.
In the H group in the myocardium, a focal wave course
of cardiomyocytes, reduced visibility of cytoplasm
striation and slight vacuolation of the cytoplasm were
observed (Fig. 5).
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Discussion

The novel finding of our study is that chronic admin-
istration of TMA causes proteinuria, elevated urine
KIM-1 and glucose levels, histological characteris-
tics of chronic progressive nephropathy and increased
blood pressure in rats. These results suggest a deleteri-
ous effect of TMA on the kidneys and cardiovascular
system.
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Recently, the effects of TMAQO on the cardiovascu-
lar and renal systems have been researched extensively
[36, 37]. Some studies suggest that TMAQO may con-
tribute to the development of cardiorenal syndrome
[3, 4]. On the other hand, it has been well established
that TMAO is one of the osmolytes protecting pro-
teins from high osmotic pressure [38, 39]. For instance,
TMAO and other osmolytes such as betaine, sorbitol and
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Fig.3 FMOs genes expression. FMOs in the kidney, liver and lungs. RT-gPCR analysis of FMO1, FMO3 and FMOS transcript levels in the a renal
cortex, b renal medulla, c liver and d lungs in rats maintained either on tap water (control group) or low and high dose of TMA. TMA trimethylamine;
FMO Flavin-containing monooxygenase. All data are expressed as the median, Q1, Q3, MIN, MAX (n=6; use arbitrary units); Kruskal-Wallis test
followed by post-hoc Dunn'’s test. *P < 0.05 vs tap water group; **P <0.01 vs tap water group
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cell cytoplasm, White arrow — endothelium

TMA - low dose

Fig. 4 Histopathology of the kidney. a Renal convoluted tubules (original magnification 10X, H&E stain), b renal medium size artery (original
magnification 10x, H&E stain), ¢ renal medium size artery (original magnification 40x, H&E stain) in rats maintained either on tap water (control
group) or low and high dose of TMA. TMA trimethylamine, L lurnen of convoluted renal tubules, Black arrow — vacuoles of various sizes within the

glycerophosphorylcholine play a protective role in the
renal medulla in which osmolality exceeds plasma osmo-
lality by up to 4—5-folds [40-42].

In our study, chronic administration of TMA caused
proteinuria, glucosuria and elevated KIM-1 levels
in urine (Fig. 2). Proteinuria is a well-known marker of
kidney damage [43, 44], and is associated with CVD [45,
46]. KIM-1 is a transmembrane tubular protein, which is
up-regulated and present in urine after the renal tubular
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injury, both in rats and humans [47, 48]. This protein is
also a marker for drug-induced kidney toxicity [49]. Glu-
cosuria is a common finding in diabetes mellitus and
diabetic kidney disease but it may also be present in non-
diabetic advanced CKD [50]. In contrast to humans, in
rats glucose is observed also in healthy animals [51-53].
Notably, in this study the urine glucose concentration was
significantly higher in the TMA groups than in the con-
trol group, which further points to tubular damage in rats
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a Control

TMA — low dose

TMA - high dose

Fig.5 Histopathology of the heart. a Myocardium of left ventricle (original magnification 10x, H&E stain), b myocardium of left ventricle (original
magnification 40X, H&E stain) in rats maintained either on tap water (control group) or low and high dose of TMA. TMA trimethylamine

exposed to TMA in drinking water. The chronic admin-
istration of TMA also caused histopathological changes,
including thickening of the basement membranes and
increased infiltration of mononuclear cells without signs
of concomitant inflammation, which may reflect CPN
(Fig. 4). CPN is a spontaneous disease with unknown eti-
ology. The observed changes in the renal parenchyma in
rats receiving TMA may result from either the activation
or aggravation of the ongoing CPN due to a direct effect
of TMA on the kidneys or may be secondary to TMA-
induced hemodynamic disturbances [54—56].

The association between CKD and hypertension is
widely studied and hypertension may be a cause and
a consequence of kidney disease [57-59]. Herein we
observed that rats administered TMA showed increased
arterial blood pressure (Table 2). Specifically, a signifi-
cant increase in systolic blood pressure was accompanied
by a more moderate increase in diastolic blood pressure.
Systemic vascular resistance calculated from cardiac out-
put and mean arterial blood pressure tended to be higher
in rats exposed to the higher dose of TM A, which suggest
that in this group the increase in BP was in part mediated
by vasoconstriction. In general, these findings align with

our previous studies, showing hypertensive response
after the acute administration of TMA [22]. In this study,
we did not find indications of fluid retention or water-
electrolyte disturbances. However, rats on TMA tended
to drink more water and show elevated serum potassium
levels. Renal regulation of water-electrolyte balance and
blood pressure is exerted mainly through the renin-angi-
otensin system. However, we did not find any consist-
ent changes in the RAS gene expression in the kidneys
that could explain the effect of TMA on blood pressure
and water-electrolyte balance (Additional file 5: Fig. S1).
Finally, we did not find any significant changes in echo-
cardiographic parameters (Additional file 3: Table S2).
Specifically, TMA and control groups did not differ in
the atria and ventricle size, stroke volume or ejection
fraction. Therefore, it seems that the magnitude or/and
duration of hemodynamic changes were insufficient
to produce noticeable remodeling of the heart.

There are some clinical data linking high TMA levels to
renal system pathologies. Hsu et al. showed that children
with end-stage renal failure had higher plasma concen-
tration of TMA than patients with stage 1 chronic kid-
ney disease. They also demonstrated that plasma TMA
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levels were inversely correlated with high BP and eGFR
[8]. Research also shows that patients with end-stage
renal disease have increased plasma TMA concentra-
tion [11] and TMA levels in exhaled air [28], but these
levels decrease after dialysis. There is also evidence that
patients with trimethylaminuria due to FMO3 deficiency
show higher blood pressure [60].

However, the effects of TMA on the renal and cardio-
vascular systems have not been studied so far in interven-
tional studies. To the best of our knowledge, our study is
the first showing the negative effect of TMA on the kid-
neys; a finding which suggests a causative relationship
between TMA accumulation due to kidney failure and
cardiorenal complications of CKD. It may be speculated
that TMA is one of the mediators in the vicious cycle of
the cardiorenal syndrome.

Although there are multiple studies evaluating TMAO
and TMA concentrations in fish and other marine
animals’ muscle and liver tissues [39, 61-64], studies
showing TMAQO and TMA concentration in tissue of
mammals are scant or lacking. Present work broadens
the knowledge of TMA and TMAO tissue distribution in
mammals. In the current study, control animals showed
the highest TMA and TMAO concentrations in the renal
cortex (158.5 uM/kg and 14.5 uM/kg, respectively) and
renal medulla (193.1 uM/kg and 18.5 puM/kg, respec-
tively, Table 4). The lowest TMA and TMAO concentra-
tions were found in the heart (0.7 uM/kg and 3.22 uM/kg,
respectively). The liver contained higher levels of TMA
(42.8 uM/kg) than TMAO (5.4 uM/kg). TMA concentra-
tion (6.5 uM/kg) in the lungs was lower than TMAO con-
centration (9.3 uM/kg).

Three decades ago, Da Costa et al. assessed TMA and
TMAOQO concentrations in the rat’s liver and kidney [65]
but using different methods. They measured concen-
trations in tissue wet mass, not in tissue dry mass as in
our study, making the comparison of Da Costas and
our results difficult. TMA concentration was higher in
the liver (437 nM/g) and kidney in the Da Costa study
(531 nM/g) than in our study. TMAQ concentration in
the liver was over 100-fold higher (633 nM/g) than in our
study, while TMAO concentration in the kidneys was not
provided by Da Costa et al. It needs to be stressed that, in
contrast to relatively simple and reproducible measure-
ments of TMAO levels across numerous studies [4, 8, 10,
14, 16, 18-21, 66], the measurements of TMA are much
more difficult. There are discrepancies in reported abso-
lute TMA levels across the few available studies [11, 23,
24, 33, 35, 65, 67—-69].

It needs to be noted, that the determination of small
volatile amines such as TMA or ammonium is very
challenging [67]. In this study, we used the method
based on the derivatization technique which gives
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different TMA plasma results than the methods used
before [21, 33]. We suspect that the method without
derivatization gives higher plasma levels of TMA due
to the presence of analytes containing TMA in their
structure which coelute with trimethylamine and break
down at the ion source yielding falsely TMA results.
After several years of experience with TMA and TMAQ
determination in various tissues, we believe that the
derivatization method is more appropriate because it
allows reducing the volatility of trimethylamine and
transforms trimethylamine into more stable and more
compatible to liquid chromatography derivative before
injection. For a detailed description of the method, see
Additional file 1: Methods.

After crossing the gut-blood barrier, TMA is metabo-
lized in the liver to TMAO by FMOs, mainly FMO3 [27,
70]. Five isoforms of FMOs are expressed in humans
and animals. FMO3 shows the highest expression in
the human liver whereas the human kidneys show the
highest expression of FMO1 [27]. Rats also show FMO1
and FMO3 expression in the liver and kidneys [71-73].
Novick et al. observed higher FMO1 and FMO3 expres-
sion in the kidneys than in the liver. FMO1 expression
was highest in the proximal and distal tubules, whereas
FMO3 expression was highest in the distal tubules, col-
lecting tubules and glomeruli [73].

To the best of our knowledge, our study is the first
to evaluate the expression of FMO1, FMO3 and FMO5
after chronic TMA administration (Fig. 3). Our study
shows that chronic TMA administration reduces FMO3
expression in the renal cortex and FMO1 and FMO3
expression in the renal medulla. Due to the accumu-
lation of products, the negative feedback mechanism
is often found in the regulation of enzyme, hormone
and receptor activity in human and animal organisms
[74-78]. Therefore, we speculate that rapid oxidation
of TMA to TMAO caused downregulation of FMO1
and FMO3 expression in the kidney. Future research on
TMA to TMAO oxidation in the kidneys is needed.

Finally, our study, suggests that TMA is rapidly oxi-
dized to TMAO, which may limit the toxic effect of
TMA on other organs. Namely, serum TMA concentra-
tions in all groups were at least 100 times lower than
TMAO concentrations. Furthermore, administration of
TMA resulted in small increases in TMA tissue levels
but 7-30-fold increases in TMAO levels (depending on
the type of tissue, for comparison of the control group
and the H group). Moreover, 24-h urine excretion of
TMAO was 11 and 24 times higher in TMA-treated
rats (the L group and the H group, respectively). In
contrast, TMA 24-h urine excretion increased 17 times
only for the H group (in the L group, we did not notice
any changes).
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Conclusion

In conclusion, chronic TMA administration at high
doses increases blood pressure and causes deleterious
effects on the kidneys, including proteinuria, increased
urine KIM-1 and glucose levels in rats. TMA is rapidly
oxidized to TMAQ, which may limit the toxic effect of
the molecule. Furthermore, TMA lowers the expres-
sion of FMO1 and FMO3 in the kidneys. More research
on TMA, in particular in pathological states character-
ized by impaired TMA to TMAO oxidation, is needed to
understand the role of TMA and TMAQ in the patholog-
ical process of cardiorenal syndrome.
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Additional file 1. Methods

Additional file 2: Table S1. List of oligonucleatide primers used for
RT-gPCR

Additional file 3: Table S2. Echocardiographic parameters, IVSD, inter-
ventricular septum thickness at diastole; LYDD, left ventricular diastolic
diameter; PWD, posterior wall thickness at diastole; IVSS, interventricular
septum thickness at systole; LYDS, left ventricular systolic diameter; PWS,
posterior wall thickness at systole; EF, ejection fraction; FS, fractional short-
ening, LVEDV, left ventricular end-diastolic volume; LVESY, left ventricular
end-systalic volume; AQ, aortic root diameter; LA, left atrium diameter; CO;
cardiac output; L group - TMA low-dose group; H group — TMA high-dose
group. All data are expressed as the mean £ S0; ANOVA followed by post
hoc Tuckey-test

Additional file 4: Table $3. Serum biochemical analysis. L group - TMA
low-dose group; H group — TMA high-dose group. All data are expressed
as the mean£5D

Additional file 5: Fig. S1. Renin - angiotensin system. The genes of the
renin-angiotensin system. RT-qPCR analysis of REN, AGT, AGTr1a, AGTr1b,
AGTr2 transcript levels in the (A) renal cortex, (B) renal medulla, (C) liver in
rats maintained either on tap water (control group) or low and high dose
of TMA. Abbreviations: TMA, trimethylamine; REN, renin; AGT, angio-
tensinogen; AGTr1a, angiotensin Il receptor, type 1a; AGTr1b, angiotensin
Il receptor, type 1b; AGTr2, angiotensin Il receptor, type 2. All data are
expressed as the median, Q1, Q3, MIN, MAX (n=6; use arbitrary units);
Kruskal-Wallis test followed by post-hoc Dunn’s test. **P < 0.01 vs control
group

Additional file 6: Fig. S2. Morphometry. Morphometric measurement
of renal (a) arteries and (b) arterioles in rats maintained either on tap
water (control group) or low and high dase of TMA. Abbreviations: TMA,
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trimethylamine. Morphometric measurements of five arcuate arteries and
five arterioles were performed for each individual. Four measurements
were made for each vessel. All measurements are expressed as single
points (n = 3-5); ANOVA followed by post-hoc Tuckey test; *P <0.05
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Podsumowanie i wnioski

Wyniki pracy pozytywnie zweryfikowaly hipoteze badawcza zaktadajaca,
ze trimetyloamina ma negatywny wplyw na funkcjonowanie uktadu sercowo-naczyniowego

oraz nerek.

Zrealizowano wszystkie zaplanowane cele gtéwne i szczegétowe, tj. okreslono
fizjologiczne stgzenia TMA, TMAO i ich prekursoréw u myszy domowej, szczura wedrownego
oraz kawii domowej, a takze poréwnano ekspresj¢ gendéw i poziom biatek FMOs u tych
zwierzat; zbadano wptyw przewleklego, doustnego podania trimetyloaminy na funkcjonowanie

uktadu sercowo-naczyniowego oraz nerek, a takze na ekspresje FMOs u szczuréw.

Najwazniejsze wyniki badan (Publikacja nr 1) to:

* Myszy charakteryzowaly si¢ najwigkszymi stezeniami TMA w kale, osoczu, moczu
oraz w badanych tkankach.

* Stezenie TMA w osoczu u szczuréw byto ponizej granicy kwantyfikacji.

* Stezenie TMAO w osoczu u wszystkich 3 gatunkéw jest podobne i znajduje si¢
w zakresie 5-10 uM/L.

* U badanych gatunkéw najwigksze stezenia oznaczanych metyloamin byly w nerkach,
a najmniejsze w sercu i ptucach, z wyjatkiem stgzenia TMAO w mysich tkankach, ktére
najmniejsze bytlo w watrobie oraz stezenia TMA w tkankach kawii, ktore najwigksze
byto w watrobie.

* Myszy charakteryzuja si¢ najwyzszym st¢zeniem TMA w watrobie oraz najnizszym
stezeniem TMAO w watrobie sposréd badanych gatunkéw.

* W watrobie szczuréw wykazano wysoka ekspresj¢ FMO3. Szczury charakteryzujg si¢
takze najwickszym poziomem biatek FMO3 oraz najwigkszym stosunkiem
TMAO/TMA w watrobie w poréwnaniu do myszy 1 kawii.

* Szczury wykazywaly ekspresj¢ FMOS w watrobie oraz wysoki poziom biatek FMOS5

w watrobie. U szczuréw wykazano takze ekspresje FMO1 1 FMO3 w korze i rdzeniu
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nerki oraz najwigkszy stosunek TMAO/TMA w rdzeniu nerki sposréd badanych
gatunkow.

* Kawie charakteryzowaly si¢ nizszym poziomem biatek FMO3 i nizszym stosunkiem
TMAO/TMA w watrobie niz szczury oraz najnizszym poziomem biatek FMOS
w watrobie spos$réd badanych gatunkéw. W korze i rdzeniu nerek kawii zostat
wykazany najwyzszy poziom biatek FMO3 spos$réd wszystkich gatunkéw, a stosunek
TMAO/TMA byt powyzej 1 w korze i rdzeniu nerki u tego gatunku. Ekspresja FMOs
u kawii byta niska we wszystkich badanych tkankach.

* Myszy charakteryzowaly si¢ wysoka ekspresja FMOS w watrobie oraz najwigkszym
poziomem biatek FMOS5 w watrobie sposréd badanych gatunkow.

e Stosunek TMAO/TMA w moczu byt najwiekszy u szczuréw. Zaréwno u szczuréw, jak

1 kawii byt powyzej 1.

Najwazniejsze wyniki badan (Publikacja nr 2) to:

* Szczury otrzymujagce TMA mialy zwigkszone ci$nienie tetnicze krwi, zwlaszcza
ci$nienie skurczowe.

* Stezenie glukozy, biatka, KIM-1 oraz stosunek biatko/ kreatynina w moczu byto
znaczgco wigksze u szczuréw pijacych TMA.

* Przewlekte podawanie TMA powodowato zmiany histologiczne w nerkach, w tym
pogrubienie bton podstawnych i wzmozony naciek komoérek jednojadrzastych bez cech
wspdtistniejagcego stanu zapalnego, co moze sugerowac przewlekla postepujaca
nefropati¢ (CPN).

* Nie wykazano zadnych istotnych zmian w bilansie wodno-energetycznym, parametrach
echokardiograficznych oraz ekspresji genéw ukladu renina-angiotensyn u szczuréw
pijacych TMA.

* Stezenie TMA w surowicy byto 100-200 krotnie mniejsze niz stezenie TMAO.

* Szczury z grupy kontrolnej wykazywaly najwigksze stezenia TMA 1 TMAO w korze
oraz w rdzeniu nerki. Najnizsze st¢zenia TMA 1 TMAO byly w sercu. U szczuréw
kontrolnych stezenie TMA w watrobie bylo wieksze niz TMAO, a stezenie TMA
w ptucach bylo mniejsze niz TMAO.

* Spozywanie TMA powodowato niewielki wzrost stezenia TMA w tkankach, ale 7-30

krotny wzrost stezenia TMAO w tkankach.
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Dobowe wydalanie TMA wzrosto 17 razy u szczuréw pijacych wysokg dawke TMA.
U szczuréw pijacych niskg dawke TMA nie zostalty zauwazone zmiany w dobowym
wydalaniu TMA.

Dobowe wydalanie TMAO bylo 11 i 24 razy wigksze u szczuréw, ktérym podawane
byto TMA.

Szczury pijace TMA wykazywaly nizszg ekspresj¢ FMO3 w korze nerek oraz FMO1

1 FMO3 w rdzeniu nerek niz szczury pijace wode.

Najwazniejsze wnioski to:

Tkanki myszy, szczurow i kawii znaczaco r6znig si¢ stezeniem TMA i TMAO, pomimo
podobnych stezen TMAO w osoczu. Dodatkowo, badane gatunki zwierzat r6znig si¢
znaczgco w aktywnosci FMOs w watrobie oraz nerkach, co sugeruje istotne réznice
w metabolizmie 1 biologicznej roli TMAO pomigdzy badanymi gatunkami zwierzat.

TMA wykazuje szkodliwy wptyw na nerki i uktad sercowo-naczyniowy u szczurow.
Toksyczne dzialanie TMA wydaje si¢ by¢ ograniczane poprzez efektywne utlenianie

TMA do TMAO.
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Opinie Komisji Etycznej

UCHWALA NR 555/2018
z dnia 17 kwietnia 2018 r.

| Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzetach w Warszawie

§1

Na podstawie art. 48 pkt. 1 ustawy z dnia 15 stycznia 2015r. o ochronie zwierzat wykorzystywanych
do celéow naukowych lub edukacyjnych (Dz. U. poz. 266) zwanej dalej ,ustawg” po rozpatrzeniu
wniosku pt. Wptyw czynnikow modyfikujgcych ryzyko sercowo-naczyniowe u ludzi na bariere
jelito-krew i aktywnos$¢ bakterii jelitowych u szczuréw z dnia 09.04.2018 r. ztozonego przez
Warszawski Uniwersytet Medyczny, Wydziat Lekarsko-Dentystyczny ul. Banacha 1B, 02-091
Warszawa zaplanowanego przez dr hab. Marcina Ufnala lokalna komisja etyczna

WYRAZA ZGODE
Na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w § , Lokalna Komisja Etyczna ustalita, ze:

1. Whniosek nalezy przypisa¢ do kategorii: DOSWIADCZENIA NA ZWIERZETACH (A)

2. Najwyzszy stopien dotkliwosci proponowanych procedur to: UMIARKOWANY

3. Doswiadczenia bedg przeprowadzane na gatunkach lub grupach gatunkow:
Szczur, szczep Sprague- Dawley, 12 tygodni, 234 os.

4. Doswiadczenia bedg przeprowadzane przez: Ufnal Marcin, Hu¢ Tomasz, Kinga Pham,

Bielinska Klaudia

Doswiadczenie bedzie przeprowadzane w terminie® 01.05.2018 - 01.05.2023 r.

Doswiadczenie bedzie przeprowadzone w osrodku

Doswiadczenie bedzie przeprowadzone poza osrodkiem w:

Uzyte do procedur zwierzeta dzikie zostang odtowione przez

Doswiadczenie nie zostanie poddane ocenie retrospektywnej

01 00 T Iony (K

! Nie dtuzej niz 5 lat
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§3
Uzasadnienie:

Prawidtowe funkcjonowanie organizmu ssakéw zalezy w duiym stopniu od bakterii, ktére
znajdujg sie w jelitach oraz zwigzkdw przez nie wytwarzanych. Flora bakteryjna jelit cztowieka i
zwierzat ulega zmianie przy chorobach takich jak otytos¢ i nadcisnienie. Metabolity bakterii
przechodzy przez bariere jelitowa, przedostajg sie do krwi i oddziatuj3 na organizm. Ostatnie
badania wykazaty u ludzi z chorobami sercowo-naczyniowymi zwigzek miedzy dysbiozg a wzrostem
stezenia w krwi jednego z metabolitow bakteryjnych - trimetylo aminy (TMA) i tlenku rimetylo
aminy (TMAQ).

Whnioskodawca zwraca uwage na brak danych dotyczacych wptywu lekéw wykorzystywanych w
terapii nadci$nienia (enalapril, simwastatyny), wyjatowienia przewodu pokarmowego przez podanie
neomycyny czy wplywu czynnikow zwiekszajacych ryzyko wystgpienia choréb sercowo-
naczyniowych (dieta bogata w séd, spozywanie kofeiny, teofiliny) na stezenie TMA i TMAO we krwi.
Brak jest réowniez informacji dotyczacych wptywu powyiszych zwigzkéw na funkcjonowanie bariery
jelito-krew.

Celem projektu jest zbadanie wptywu czynnikdw modyfikujgcych ryzyko sercowo-naczyniowe
u ludzi na bariere jelito-krew i aktywnos¢ bakterii jelitowych u szczuréw.

Uzyskane wyniki pozwolg na ocene stopnia w jakim czynniki modyfikujace ryzyko rozwoju
chorob sercowo-naczyniowych wptywajg na aktywnosé bakterii jelitowych i funkcjonowanie bariery
jelito-krew. Wnioskodawca zaktada, ze uzyskane wyniki przyczynig sie do rozwoju nowych metod
leczenia nadcisnienia tetniczego przez znajomos¢ wplywu znanych substancji na metabolizm i sktad
mikroflory jelitowej oraz funkcjonowanie bariery jelito-krew.

Kategoria dotkliwosci procedur, uzasadnienie ich przeprowadzenia oraz liczebnosé grup
doswiadczalnych zostaty okreslone prawidtowo. Wiekszos¢ Cztonkéw Komisji nie zgtosita zastrzezen
do procedur oraz czynnosci doswiadczalnych opisanych w przedtozonym wniosku i uznata, ie
realizacja tego projektu badawczego jest dopuszczalna.

Niniejsza uchwata wchodzi w zycie z dniem wydania i jest wazna do 01.05.2023 r.
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§4

Integralng czesé niniejszej u[cm%aﬂﬁhaﬂgmllgﬁpfzwnzlﬁikm o ktérym mowa w § 1
ds. Duswiadczen na Zwierzetach
przy Wydziale Biologii UW
ul. liji Miecznikowa 1, 02-096 Warszawa

tel. C22 5541028, e-maii: ike lwaw@vivl.uw,edu.pl

(Pieczec lokalnej komisji etycznej) Podpisy prze iczgcego komisji

Pouczenie:

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1 i 2 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca 1960 r. Kodeks
postepowania administracyjnego (Dz. U. 2017, poz. 1257 - t.j.; dalej KPA) od uchwaty Lokalnej Komisji Etycznej strona moze wniesc,
za jej posrednictwem, odwolanie do Krajowej Komisji Etycznej do Spraw Doswiadczen na Zwierzetach w terminie 14 od dnia
doreczenia uchwaty.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwolania strona moze zrzec sie prawa do jego wniesienia, co
naleiy uczyni¢ wobec Lokalnej Komisji Etycznej, ktéra wydata uchwate. Z dniem doreczenia Lokalnej Komisji Etycznej oswiadczenia o
zrzeczeniu sie prawa do wniesienia odwotania przez ostatnig ze stron postepowania, decyzja staje sie ostateczna i prawomocna.

Otrzymuje:
1) Uzytkownik,
2) Organizacja spoleczna dopuszczona do udziatu w postgpowaniu (jesli dotyczy)
3) a/a

Uzytkownik kopie przekazuje:

*  Osoba planujaca doswiadczenie
e Zespol ds. dobrostanu
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UCHWALA NR 464/2017
z dnia 23 stycznia 2018 r.

| Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzetach w Warszawie

§1

Na podstawie art. 48 pkt. 1 ustawy z dnia 15 stycznia 2015r. o ochronie zwierzgt wykorzystywanych
do celéw naukowych lub edukacyjnych (Dz. U. poz. 266) po rozpatrzeniu wniosku pt. Ocena
wplywu zwigzku przeciwdrgawkowego ADD424042 na czynnos¢ elektryczng serca u Swinek
morskich z dnia 12.01.2018 r. ztozonego przez Warszawski Uniwersytet Medyczny, Wydziat
Lekarsko-Dentystyczny ul. Banacha 1B, 02-091 Warszawa zaplanowanego przez dr hab. Marcina
Ufnala lokalna komisja etyczna

WYRAZA ZGODE
Na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku.

§2

W wyniku rozpatrzenia wniosku o ktorym mowa w §, Lokalna Komisja Etyczna ustalita, ze:

1

e P

© o N n s

Whiosek nalezy przypisac do kategorii: DOSWIADCZENIA NA ZWIERZETACH (A)

Najwyzszy stopien dotkliwosci proponowanych procedur to: TERMINALNA

Doswiadczenia bedg przeprowadzane na gatunkach lub grupach gatunkéw: Kawia domowa
6 tygodni 30 os.

Doswiadczenia bedg przeprowadzane przez: Ufnal Marcin, Hu¢ Tomasz, Konopelski Piotr
Doswiadczenie bedzie przeprowadzane w terminie* 01.02.2018 — 31.12.2018 r.

Doswiadczenie bedzie przeprowadzone w osrodku

Doswiadczenie bedzie przeprowadzone poza osrodkiem w:

Uzyte do procedur zwierzeta dzikie zostang odfowione przez

Doswiadczenie nie zostanie poddane ocenie retrospektywnej

! Nie dtuzej niz 5 lat
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§3
Uzasadnienie:

Doswiadczenie przedstawione we wniosku nr 464/2017 ma na celu zbadanie wptywu zwigzku ADD424042,
pochodnej dizopiramidu na czynnos¢ elektryczng serca. Zwigzek ADD424042 wykazuje przeciwdrgawkowe
dziatanie w zwierzecych modelach epilepsji. Ztozono$¢ badanych proceséw a zatem szereg mechanizmow
nerwowych i hormonalnych, ktére regulujg uktad krgzenia u ssakéow powoduje, ze nie jest mozliwe
przeprowadzenie tych badan bez modelu zwierzecego. W doswiadczeniu wykorzystane zostang $winki
morskie. Wykazujg one ekspresje hERG (human Ether-a-go-go-Related Gene). Kardiotoksycznos¢ wielu lekdw
zwigzana jest z blokowaniem kanatéw potasowych zaleinych od hERG dlatego czyni to swinki morskie
bardziej odpowiednim modelem do badania parametrow elektrokardiograficznych, w pordownaniu ze
szczurami, nie wykazujacymi ekspresji hERG.

Uzyskane wyniki poszerza wiedze z zakresu profilu bezpieczeristwa i mozliwych kardiologicznych dziatan
niepoiac‘i_a'myc_h nowego }y_eku przeciwdrgawkowego, bedacego pochodng dizopiramidu.

Kategoria dotkliwosci procedury, uzasadnienie jej przeprowadzenia oraz liczebnos¢ grup doswiadczalnych
zostaly okreslone prawidiowo. Cztonkowie Komisji nie zgtosili zastrzezenn do procedury oraz czynnosci
doswiadczalnych opisanych w przedfozonym wniosku i uznali, ze realizacja tego projektu badawczego jest
dopuszczalna.

Niniejsza uchwata wchodzi w zycie z dniem wydania i jest wazna do 31.12.2018 r.

§4
Integralnga czes¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1

| LOKA al I

(Pieczed lokalnej komisji etyczniej)? 2 5511025, e-mall ke lwaw@bioluvsdu.pl Podpisy przewogdniczacego komisji

Otrzymuje Uzytkownik
Pouczenie:

Od decyzji komisji mozna wnies¢ odwotanie do Krajowej Komisji Etycznej w terminie 14 od dnia otrzymania uchwaly.
Uzytkownik kopie przekazuje:

e  (Osoba planujgca doswiadczenie
e Zespdl ds. dobrostanu
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UCHWALA NR WAW2/098/2019

z dnia 28 czerwca 2019 .

Il Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzetach w Warszawie

§1

Na podstawie art. 48 ust. 1 pkt. 1! ustawy z dnia 15 stycznia 2015r. o ochronie zwierzat
wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266), zwanej dalej ,,ustawg” po
rozpatrzeniu wniosku pt.: ,TMA, TMAO- metabolity bakteryjne a niewydolnos¢ serca” z dnia 05
czerwca 2019 roku, ztozonego przez Warszawski Uniwersytet Medyczny, Wydziat Lekarsko-
Dentystyczny, adres: ul. Banacha 1B, 02-091 Warszawa, zaplanowanego przez Marcina Ufnala?

przy udziale® -
Lokalna Komisja Etyczna:

WYRAZA ZGODE

na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w §, Lokalna Komisja Etyczna ustalita, ze:

1. Whniosek nalezy przypisa¢ do kategorii: badania podstawowe, sercowo-naczyniowy uktad
krazenia krwi i limfy.

2. Najwyiszy stopien dotkliwosci proponowanych procedur to: dotkliwa.

3. Doswiadczenia bedg przeprowadzane na gatunkach lub grupach gatunkéw*:

Gatunek Wiek/stadium rozwoju Liczba
Szczur wedrowny, szczep Sprague-Dawley 12 tygodni 99

4. Doswiadczenia beda przeprowadzane przez: Ufnal Marcin, Bielinska Klaudia, Hu¢ Tomasz,
Konop Marek, Gawrys Marta.

Doswiadczenie bedzie przeprowadzane w terminie® od 01.07.2019 do 01.07.2024r.
Doswiadczenie bedzie przeprowadzone w osrodku®: nie dotyczy.

Doswiadczenie bedzie przeprowadzone poza osrodkiem, w: nie dotyczy.

Uzyte do procedur zwierzeta dzikie zostang odtowione przez: nie dotyczy.

Doswiadczenie zostanie/mnie—zestanie poddane ocenie retrospektywnej w terminie do 6
miesiecy od dnia przekazania przez uzytkownika dokumentacji, majgcej stanowi¢ podstawe
dokonania oceny retrospektywnej. Uzytkownik jest zobowigzany do przekazania ww.
dokumentacji niezwiocznie, tj. w terminie, o ktdrym mowa w art. 52 ust. 2 ustawy.

© oo N ;

! Niewtasciwy zapis usunac

2 imie i nazwisko osoby, ktora zaplanowata i jest odpowiedzialna za przeprowadzenie do$wiadczenia
3 Wypetni¢ w przypadku dopuszczenia do postepowania organizacji spotecznej.

* Podac liczbe, szczep/stado, wiek/stadium rozwoju

® Nie diuzej niz 5 lat
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§3
Uzasadnienie:

Komisja ocenita wniosek zgodnie z kryteriami zawartymi w art. 47.1. ustawy z dnia 15 stycznia 2015 r.
o ochronie zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266). Po
zapoznaniu sie z problematykg badawczg przedstawiong we wniosku komisja stwierdza, ie
przedstawiony projekt spetnia zasady dopuszczenia doswiadczen na zwierzetach. Na podstawie art.
107 § 4 ustawy z dnia 14 czerwca 1960 r. — Kodeks postepowania administracyjnego z pézniejszymi
zmianami (Dz. U. 2 2017 poz. 1257) odstgpiono od sporzgdzania uzasadnienia decyzji, gdyz uwzglednia
ona w catosci zgdanie strony.

&4

Integralng czes¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1.

‘g
)l

(Pieczec¢ lokalnej komisji etycznej) 2 wadmczch komi .”\

Pouczenie:

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1i 2 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca
1960 r. Kodeks postepowania administracyjnego (Dz. U. 2017, poz. 1257 —tj.; dalej KPA) ou uchwaly Lokalnej
Komisji Etycznej strona moze wniesc, za jej posrednictwem, odwotanie do Krajowej Komisji Etycznej do Spraw
Doswiadczen na Zwierzetach w terminie 14 od dnia doreczenia uchwaty.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwotania strona moze zrzec sig prawa do
jego wniesienia, co nalezy uczyni¢ wobec Lokalnej Komisji Etycznej, ktora wydatfa uchwate. Z dniem
doreczenia Lokalnej Komisji Etycznej oswiadczenia o zrzeczeniu sie prawa do wniesienia odwotania przez
ostatnig ze stron postepowania, decyzja staje sie ostateczna i prawomocna.

Otrzymuje:
1)  Uzytkownik,
2)  Organizacja spolteczna dopuszczona do udziatu w pestepowaniu (jedli dotyczy)
3) a/a
Uzytkownik kopie przekazuje:
° Osoba planujgca doswiadczenie
* Zespot ds. dobrostanu
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Oswiadczenia wszystkich wspétautoréow publikacji

PUBLIKACJA nr 1

Mice, rats, and guinea pigs differ in FMOs
expression and tissue concentration of TMAO, a
gut bacteria-derived biomarker of cardiovascular

and metabolic diseases.

Klaudia Maksymiuk
Mateusz Szudzik
Emilia Samborowska
Dawid Chabowski
Marek Konop

Marcin Utfnal
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Warszawa, 05.02.2024
(miejscowos¢, data)

Dr Inz. Mateusz Szudzik

(imie i nazwisko)

OSWIADCZENIE

Jako wspadtautor pracy pt. “Mice, rats, and guinea pigs differ in FMOs expression and tissue
concentration of TMAO, a gut bacteria-derived biomarker of cardiovascular and metabolic diseases”
oswiadczam, iz mdéj wtasny wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji stanowi: przeprowadzenie oznaczen real-time

PCR i western blotting w materiale biologicznym oraz wspétudziat w przygotowaniu manuskryptu.
Mdj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wktad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 60 %,
(imie i nazwisko kandydata do stopnia)

obejmowat on przeprowadzenie doswiadczen na zwierzetach, analize, interpretacje i wizualizacje

wynikéw, wspdétudziat w opracowaniu koncepcji i przygotowaniu manuskryptu.

(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej lek. wet.

Klaudii Maksymiuk.

(imie i nazwisko kandydata do stopnia)

(podpis oswiadczajgcego)

*w szczegolnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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30.01. 2024

(miejscowose, data)

Mgr Emilia Samborowska

(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. "Mice, rats, and guinea pigs differ in FMOs expression and tissue
concentration of TMAO, a gut bacteria-derived biomarker of cardiovascular and metabolic diseases”
o$wiadczam, iz méj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan
oraz przedstawienie pracy w formie publikacji stanowi: przeprowadzenie oznaczen choliny, karnityny,
TMA i TMAO w materiale biologicznym oraz wspohidziat w przygotowaniu manuskryptu.

M6j udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 60 %,

(imie i nazwisko kandydata do stopnia)
obejmowal on przeprowadzenie doswiadczen na zwierzgtach, analizg, interpretacje 1 wizualizacjg
wynikéw, wspotudziat w opracowaniu koncepceji 1 przygotowaniu manuskryptu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej lek. wet.
Klaudii Maksymiuk.

(imig i nazwisko kandydata do stopnia) éﬂ—L

(podpis oswiadczajacego)

*w szczeg6lnosei udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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f/z/ww
(miejscowos<, data

Dawid Chabowski

(imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. "Mice, rats, and guinea pigs differ in FMOs expression and
tissue concentration of TMAO, a gut bacteria-derived biomarker of cardiovascular and
metabolic diseases” o$wiadczam, iz méj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi: wspotudzial w przeprowadzeniu doswiadczen na zwierzetach oraz w przygotowaniu
manuskryptu.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 60 %,

(imi i nazwisko kandydata do stopnia)
obgjmowal on przeprowadzenie do$wiadczen na zwierzgtach, analiz¢, interpretacj¢ i

wizualizacj¢ wynikow, wspotudzial w opracowaniu koncepcji i przygotowaniu manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej
lek. wet. Klaudii Maksymiuk.

(imig 1 nazwisko kandydata do stopnia)

...................................................

(podpis o$wiadczajgcego)

*w szczegOlnosci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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(miejscowosc, data)

Dr hab. n. med. Marck Konop

(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. "Mice, rats, and guinea pigs differ in FMOs expression and
tissue concentration of TMAOQO, a gut bacteria-derived biomarker of cardiovascular and
metabolic diseases” os$wiadczam, iz mdj wilasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanic badan oraz przedstawienie pracy w formie publikacji
stanowi: wspotludzial w przeprowadzeniu doswiadczen na zwierzgtach oraz w przygotowaniu
manuskryptu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 60 %,

imig i nazaviska kandydata do stopnia)
obejmowal on przeprowadzenic doswiadczen na zwierzetach. analiz¢. interpretacje |
wizualizacje wynikow. wspohudzial w opracowaniu koncepeji 1 przygotowaniu manuskryptu.

tmeryloryezny opis whiladu Kandyvdita do stopnia w powstanic publikacin®

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czes$¢ rozprawy doktorskiej

lek. wet. Klaudii Maksymiuk.

(imig 1 nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szezegolnosei udzialu w przygotowaniu koncepeji, metodyki, wykonanin badan, interpretacyi wynikow
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29 STY 204

................................

(miejscowosé, data)

Prof. dr hab. n. med. Marcin Ufnal

(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. “Mice, rats, and guinea pigs differ in FMOs expression and
tissue concentration of TMAO, a gut bacteria-derived biomarker of cardiovascular and
metabolic diseases™ o$wiadczam, iz moj wilasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi: wspotudzial w opracowaniu koncepcji i przygotowaniu manuskryptu, pomoc w
interpretacji wynikow.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 20 %.

Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 60 %,
(imig i nazwisko kandydata do stopnia)

obejmowal on przeprowadzenie doswiadczen na zwierzetach, analize, interpretacje i

wizualizacje wynikow, wspdludzial w opracowaniu koncepcji i przygotowaniu manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej

lek. wet. Klaudii Maksymiuk. i ;
lerownik Zaktadu Fizjologii |
Patof'zjologil Eke perylg.::mq

................. 15. w"" Marein. b{nal L

(pOdplS oswxadcza_lqcego)

(imig i nazwisko kandydata do stopnia)

*w szczegolnosei udzialu w przygotowaniu koncepcji, metodyki. wykonaniu badan, interpretacji wynikow
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Oswiadczenia wszystkich wspétautoréow publikacji

PUBLIKACJA nr 2

Trimethylamine, a gut bacteria metabolite and air

pollutant, increases blood pressure and markers

of kidney damage including proteinuria and KIM-1
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In rats.

Klaudia Maksymiuk
Mateusz Szudzik

Marta Gawrys-Kopczynska
Maksymilian Onyszkiewicz
Emilia Samborowska
Izabella Mogilnicka

Marcin Utfnal



Warszawa, 05.02.2024
(miejscowos¢, data)

Dr Inz. Mateusz Szudzik

(imie i nazwisko)

OSWIADCZENIE

Jako wspodtautor pracy pt. “Trimethylamine, a gut bacteria metabolite and air pollutant,
increases blood pressure and markers of kidney damage including proteinuria and KIM-1 in rats”
oswiadczam, iz mdéj wtasny wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji stanowi: przeprowadzenie oznaczen real-time

PCR i ELISA test w materiale biologicznym oraz wspotudziat w przygotowaniu manuskryptu.
Méj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wktad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 55 %,
(imie i nazwisko kandydata do stopnia)

obejmowat on przeprowadzenie doswiadczen na zwierzetach, analize, interpretacje i wizualizacje

wynikéw, wspdétudziat w opracowaniu koncepcji i przygotowaniu manuskryptu.

(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej lek. wet.

Mg Swdink

(podpis oswiadczajgcego)

Klaudii Maksymiuk.

(imie i nazwisko kandydata do stopnia)

*w szczegolnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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Mot Z2 7275

(miejscowos¢, data)

Mgr Marta Gawry$ - Kopezyiiska

(imig i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. *Trimethylamine, a gut bacteria metabolite and air pollutant,
increases blood pressure and markers of kidney damage including proteinuria and KIM-1 in
rats” oéwiadczam, iz méj wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: wspotudzial w
przeprowadzeniu do$wiadczen na zwierzgtach oraz w przygotowaniu manuskryptu.

M6j udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 55 %,

(imig i nazwisko kandydata do stopnia)

obejmowal on przeprowadzenie doéwiadczen na zwierzetach, analize, interpretacjc |

wizualizacje wynikéw, wspoludziat w opracowaniu koncepcji i przygotowaniu manuskryptu.

(meryloryczny opis wkladu kandydata do stopnia w powstanic publikacji )*
Jednoczeénie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej
lek. wet. Klaudii Maksymiuk.

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szczegblnosei udzialu w przygotowaniu koncepeji, metodyki. wykonaniu badan. interpretacji wynikow
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Szczecin 25.01.2024

(miejscowos¢, data)

Dr n. med. Maksymilian Onyszkiewicz

(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. “Trimethylamine, a gut bacteria metabolite and air pollutant,
increases blood pressure and markers of kidney damage including proteinuria and KIM-1 in
rats” oswiadczam, iz moj whasny wktad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: wspotudzial w
przeprowadzeniu doswiadczen na zwierzgtach oraz w przygotowaniu manuskryptu.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 55 %,

(imi¢ i nazwisko kandydata do stopnia)
obejmowal on przeprowadzenie doswiadczen na zwierzetach, analize, interpretacje i

wizualizacje wynikow, wspotudziat w opracowaniu koncepcji 1 przygotowaniu manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg¢sé rozprawy doktorskiej

lek. wet. Klaudii Maksymiuk.

(imig i nazwisko kandydata do stopnia)

*w szczegolnosei udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow

Strona | 77



%0122 .

(miejscowosé, data)

Mgr Emilia Samborowska

(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. "Trimethylamine, a gut bacteria metabolite and air pollutant, increases
blood pressure and markers of kidney damage including proteinuria and KIM-1 in rats” o$wiadczam, iz
moé) wihasny wklad merytoryczny w przygotowanie, przeprowadzenie i1 opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi: przeprowadzenie oznaczen choliny, karnityny, TMA i
TMAOQ w materiale biologicznym oraz wspoludzial w przygotowaniu manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okre§lam jako 55 %,

(imig i nazwisko kandydata do stopnia)
obejmowat on przeprowadzenie do$wiadczen na zwierzgtach, analize, interpretacje 1 wizualizacjg

wynikéw, wspoludzial w opracowaniu koncepcji 1 przygotowaniu manuskryptu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgodg na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej lek. wet.
Klaudii Maksymiuk.

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szezegolnoscel udziatu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow
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Befan, ©2. 02, 202%
(miejscowos¢, data)
Lek. lzabella Mogilnicka

(irmcimzuiskof Tk

OSWIADCZENIE

Jako wspolautor pracy pt. "Trimethylamine, a gut bacteria metabolite and air pollutant,
increases blood pressure and markers of kidney damage including proteinuria and KIM-1 in
rats” oswiadczam, iz méj wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: wspotudziat w

przeprowadzeniu doswiadczen na zwierzetach, wizualizacji danych oraz w przygotowaniu

manuskryptu
Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 55 %,

(imig 1 narwisko kandydata 4o stopoia)
obeymowal on przeprowadzenie doswiadczen na zwierzg¢tach, analize, interpretacje i

wizualizacje wynikow, wspoludzial w opracowaniu koncepciji i przygotowaniu manuskryptu

(merytoryczny opis whiadu kands data do stopnia w powstanie publikacj)*

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej
lek wet Klaudii Maksymiuk.

(¢ | nazwisko kandy data do stopnia)

//? / ”
/ (podpis oswiadczajacego)

/

*w szczegblnosci udaalu w przy gotowaniu koncepcyi, metody k1. wykonaniu badan. interpretacyi wy mkow
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28.8TY.20%.......

(miejscowos¢, data)

Prof. dr hab. n. med. Marcin Ufnal

(imie i nazwisko)

OSWIADCZENIE

Jako wspélautor pracy pt. "Trimethylamine, a gut bacteria metabolite and air pollutant,
increases blood pressure and markers of kidney damage including proteinuria and KIM-1 in
rats” oswiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: wspdludzial w
opracowaniu koncepcji i przygotowaniu manuskryptu, pomoc w interpretacji wynikow.

MG¢j udziat procentowy w przygotowaniu publikacji okreslam jako 20 %.

Wkiad lek. wet. Klaudii Maksymiuk w powstawanie publikacji okreslam jako 55 %.
(imig 1 nazwisko kandydata do stopnia)

obejmowal on przeprowadzenie doswiadczen na zwierzetach, analize, interpretacje i

wizualizacje wynikow, wspotudzial w opracowaniu koncepcji i przygotowaniu manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczes$nie wyrazam zgodg¢ na wykorzystanie w/w pracy jako cz¢s¢ rozprawy doktorskiej
lek. wet. Klaudii Maksymiuk.
(imig i nazwisko kandydata do stopnia) _lr Klmuk Zaktadu Fizfologll i’ 2

Plbtlzjoflpgll Ekspery(nﬁmnhl,noj
K ] - ”

A L L
------- prof. dr hab: n. med. Marcin Uial .
‘ (podpis oswiadczajacego)

*w szezegdlnosei udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikdow
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