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1. STRESZCZENIE

Choroby sercowo-naczyniowe, do ktorych zaliczamy chorobe niedokrwienng
serca, sa obecnie jednymi z najistotniejszych choréb cywilizacyjnych, ktére dotykaja
miliony osdb na calym Swiecie. Chorobe niedokrwienng serca charakteryzuje zaburzenie
rownowagi pomiedzy podaza, a zapotrzebowaniem mie$nia sercowego w tlen.
Najczestszg przyczyna zachwiania tej rownowagi jest miazdzyca tetnic wiencowych
unaczyniajgcych serce, ktérej podtozem jest przewlekly proces zapalny. Stan ten
prowadzi do rozwoju swoistych zmian w $cianie naczynia, tzw. blaszek miazdzycowych,
ktére zwezajg jego Swiatto. Znanych jest wiele czynnikéw ryzyka prowadzacych do
miazdzycy, a tym samym do choroby niedokrwiennej serca, np. nadci$nienie tetnicze,
nikotynizm, czy dyslipidemia. W ostatnim okresie coraz wieksza uwage badaczy zwraca
potencjalny zwigzek pomiedzy nieprawidtowym skiadem mikroflory jelitowej, czyli
dysbiozg jelit a chorobami sercowo-naczyniowymi, w tym choroba niedokrwienng serca.
0d czasu, w ktérym termin ,0$ serce-jelito” na state pojawit sie w literaturze naukowe;j,
przedstawiono liczne dowody wskazujace na role dysbiozy jelit w rozwoju miazdzycy
tetnic wiencowych. Wyniki wielu badan wskazuja, Ze metabolity nieprawidtowej flory
jelit dostajace sie do krwiobiegu indukuja przewlekty stan zapalny Srédbtonka naczyn
krwiono$nych, ktéry moze promowac badz przyspieszac rozwoéj miazdzycy. Nadal nie sg
znane zmiany mikroflory jelit swoi$cie zwigzane z chorobg niedokrwienng serca. Wiedza
ta umozliwitaby podjecie badan interwencyjnych, np. wskazanie diety umozliwiajacej
korzystne zmiany sktadu mikroflory jelit lub okreslenie czy stosowane leki nie ulegaja
degradacji lub niepozadanej modyfikacji w jelicie pod wptywem zmienionej mikroflory.
Stad, szczegdtowe poznanie zmian mikroflory jelitijej roli w rozwoju réznych chordéb, nie
tylko sercowo-naczyniowych, ma ogromne znaczenie dla poprawy zdrowia calej
populacji. Obecne metody sekwencjonowania nowej generacji  (NGS),
np. sekwencjonowanie 16S rRNA, a takze badania metabolomiczne mikroflory jelit
umozliwiajg bardzo doktadne okreslenie jej profilu, co w niedalekiej przysztos$ci zapewne
umozliwi dokladng charakterystyke mikrobioty w chorobach sercowo-naczyniowych
oraz wskaze kierunki terapii spersonalizowane;.

Moja praca doktorska skupita sie na ocenie réznic profilu mikroflory jelit miedzy
osobami z chorobg niedokrwienng serca a osobami zdrowymi oraz na badaniach wptywu

wybranych metabolitéw bakteryjnych na komdrki srédbtonka.



Przeprowadzony przeze mnie przeglad systematyczny literatury naukowej wraz
z meta-analizg, ktérego wyniki zostaty przedstawione w publikacji pt. ,Human gut
microbiota in coronary artery disease: A systematic review and meta-analysis”, umozliwity
mi okreSlenie zmian profilu mikrobioty jelit w chorobach sercowo-naczyniowych, ktére
moga by¢ zwigzane z jej niekorzystnym wptywem na $rédbtonek naczyniowy. Materiaty
wilaczone do przegladu systematycznego pochodzity z 21 oryginalnych prac badawczych,
jednak Autorzy tylko siedmiu z nich udostepnili dane konieczne do przeprowadzenia
meta-analizy. Najwazniejsza rdznica wykazang w tych badaniach bylo znacznie
zmniejszone zroznicowanie mikroflory jelit u oséb chorych (obnizone wskazniki alpha
i beta r6znorodnosci), wyraznie wskazujace na dysbioze jelit u chorych. Gtéwne réznice
w sktadzie mikrobiomu u pacjentow z chorobg niedokrwienng serca dotyczyty
zmniejszonej ilosci bakterii z gromady Bacteroidetes i z rodziny Lachnospiraceae oraz
wzrostu iloSci bakterii z rodziny Enterobacteriaceae, a takze rodzaju Lactobacillus oraz
Streptococcusw porownaniu do os6éb zdrowych. Wykazane zmiany sktadu i ilosci
mikrobioty jelit moga stanowi¢ potencjalny czynnik niekorzystnie wptywajacy na
$rédbtonek naczyniowy, co potwierdzily moje kolejne badania prezentowane
w publikacji pt. ,Co-toxicity of endotoxin and indoxyl sulfate, gut-derived bacterial
metabolites, to vascular endothelial cells in coronary arterial disease accompanied by gut
dysbiosis.”

W ramach tych badan, metoda sekwencjonowania 16rRNA przeanalizowany
zostat sktad mikroflory jelitowej 15 chorych z chorobg niedokrwienng serca
hospitalizowanych w Wojewo6dzkim Szpitalu Specjalistycznym we Wroctawiu oraz
15 zdrowych ochotnikéw. Wyniki tej analizy daty podstawe wyboru rodzaju i stezenia
bakteryjnych metabolitéw do badan in vitro na komérkach $srédbtonka. Przeprowadzona
analiza wykazata u oséb z choroba niedokrwienng serca, podobnie jak przeglad
systematyczny z meta-analiza, znaczacy spadek ilo$ci Bacteroidetes oraz wzrost ilo$ci
Gram-ujemnych pateczek jelitowych, bedacych Zrédtem endotoksyny (LPS) oraz indolu.
Indol powstajacy w jelitach jest konwertowany w watrobie do siarczanu indoksylu (IS)-
toksycznego metabolitu, ktory po zwigzaniu z albuming osocza jest usuwany z organizmu
przez nerki. UpoSledzona funkcja nerek uniemozliwia prawidtlowe usuwanie
IS z organizmu, co prowadzi do kumulowania sie tego zwiazku w toksycznym stezeniu,
stad zaliczany jest do toksyn mocznicowych. Poziom indoksylu, oznaczony w prébkach

krwi pobranych od badanych osdb chorych i zdrowych, byt bardzo niski (ok. 13 puM), gdyz



z badan wyeliminowano pacjentow obcigzonych chorobami nerek. W przeciwienistwie do
indoksylu, poziom endotoksyny u chorych byl znaczaco wyzszy niz u oséb
zdrowych- $redni poziom endotoksyny w grupie chorych wynosit ok. 3 ng/ml, natomiast
w grupie osob zdrowych poziom LPS byt ponizej progu wykrywalnosci testu LAL
zastosowanego w badaniach. Dotychczas nie badano wptywu niskich stezen indoksylu
oraz endotoksyny na $rédbtonek naczyn krwionosnych, co byto nowatorskim elementem
moich badan, podobnie jak ocena wspo6ttoksycznosci indoksylu i endotoksyny. Oba te
metabolity w niskich stezeniach wywieraty znaczacy, szkodliwy wptyw na komorki
$rédbtonka, przejawiajacy sie stresem oksydacyjnym, stanem zapalnym oraz zwiekszong
trombogennoscia. Ponadto, stymulacja komoérek srédbtonka endotoksyng i indoksylem
potegowata szkodliwy wptyw kazdego z badanych metabolitéw stosowanych osobno.
Wyniki tych badan potwierdzity, ze wzrost ilosci pateczek Gram-ujemnych z rodziny
Enterobacteriaceae oraz ich potencjalnie toksycznych metabolitéw, przy réwnoczesnym
spadku korzystnie oddziatujacych bakterii beztlenowych z gromady Bacteroidetes, moze
promowac zmiany chorobowe w $§rédbtonku naczyniowym.

Uzyskane wyniki badan stanowig znaczgcy wktad w rozwijajaca sie dziedzine
wiedzy, jaka sg wzajemne relacje miedzy organizmem cztowieka a kolonizujacymi go

drobnoustrojami.



2. SUMMARY

Cardiovascular diseases, including ischemic heart disease, are currently one of the
most significant civilization diseases, affecting millions of people worldwide. An
imbalance between the supply and demand of oxygen to the heart muscle characterizes
ischemic heart disease. The main cause of this imbalance is atherosclerosis of the
coronary arteries, which is the result of a chronic inflammatory process that causes
abnormal changes in the vessel wall, called atherosclerotic plaques, which narrow its
lumen. Many risk factors, such as hypertension, nicotinism, and dyslipidemia, are known
to lead to atherosclerosis. The potential link between an abnormal composition of the
intestinal microflora, i.e., gut dysbiosis, and cardiovascular disease, including ischemic
heart disease, has recently attracted increasing research attention. As the concept of the
heart-gut axis has become more commonly recognized in the scientific literature,
a number of studies have demonstrated the role of gut dysbiosis in coronary artery
atherosclerosis. Numerous studies indicate that metabolites of abnormal intestinal flora
entering the bloodstream induce chronic inflammation of the vascular endothelium,
which can promote or accelerate the development of atherosclerosis.

Nevertheless, changes in the gut microflora associated explicitly with ischemic
heart disease are still unknown. Through this knowledge, intervention studies could be
conducted, for example, to identify a diet that will improve the composition of intestinal
microflora or to determine whether the drugs administered are degraded or undesirable
modified in the intestine by the altered microflora, leading to a loss of activity in the
body.Hence, a detailed understanding of changes in the gut microflora and its role in the
development of various diseases, not just cardiovascular diseases, is of great importance
for improving the general population's health. Current next-generation sequencing (NGS)
methods, such as 16S rRNA sequencing and metabolomic studies of the intestinal
microflora, make it possible to determine its profile in great detail, which will probably
enable accurate characterization of the microbiota in cardiovascular diseases and provide
directions for personalized therapy.

My dissertation focused on evaluating the differences in the gut microbiota profile
between people with ischemic heart disease and healthy individuals and studying the
effects of selected bacterial metabolites on endothelial cells.

A systematic review of the scientific literature [ have conducted and a meta-

analysis is presented in the publication titled "Human gut microbiota in coronary artery
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disease: A systematic review and meta-analysis" enabled me to identify changes in the gut
microbiota profile in cardiovascular disease that may be related to its adverse effects on
the vascular endothelium. The materials included in the systematic review came from
21 original research papers, but only 7 authors provided us with the data necessary for
the meta-analysis. This study showed that patients with coronary artery disease had
significantly reduced intestinal microbiota diversity (reduced alpha and beta diversity
indices), clearly indicating intestinal dysbiosis. The main differences in the composition
of the microbiome in patients with coronary artery disease were a decreased number of
bacteria from the Bacteroidetes cluster and the Lachnospiraceae family and an increase in
the number of bacteria from the Enterobacteriaceae family, as well as the Lactobacillus
and Streptococcus genera, compared to healthy subjects. The demonstrated changes in the
composition and quantity of the intestinal microbiota may be a potential factor adversely
affecting the vascular endothelium, confirmed by my subsequent research in the
publication "Co-toxicity of endotoxin and indoxyl sulfate, gut-derived bacterial
metabolites, to vascular endothelial cells in coronary arterial disease accompanied by gut
dysbiosis."

As part of this study, the composition of the intestinal microflora of 15 patients
with ischemic heart disease hospitalized at the Regional Specialist Hospital in Wroclaw
and 15 healthy volunteers was analyzed by 16 rRNA sequencing. The results of this
analysis provided the basis for selecting the type and concentration of bacterial
metabolites for in vitro studies on endothelial cells. The research showed a significant
decrease in Bacteroidetes and an increase in Gram-negative Enterobacteriaceae, a source
of endotoxin (LPS) and indole, in subjects with ischemic heart disease, as did a systematic
review with meta-analysis. Indole formed in the intestines is converted in the liver to
indoxyl sulfate, a toxic metabolite that kidneys remove from the body after binding to
plasma albumin. This compound, at high concentrations, damages the kidneys (hence is
termed uremic toxin) and is primarily associated with kidney disease. The level of indoxy],
determined in blood samples taken from sick and healthy subjects, was very low (about
13 uM) since ill and healthy subjects with any kidney disease were eliminated from the
study. In contrast to indoxyl, the endotoxin level in the patients was significantly higher
than in the healthy subjects - the average endotoxin level in the patient group was about
3 ng/ml, while in the healthy subjects, the LPS level was below the detection threshold of

the LAL test used in the study. So far, the effects of low concentrations of indoxyl and



endotoxin on the vascular endothelium have not been studied, which was a novel element
of my research, as was the evaluation of the co-toxicity of indoxyl and endotoxin. Both of
these metabolites at low concentrations exerted significant deleterious effects on
endothelial cells, manifested by oxidative stress, inflammation, and increased
endothelium thrombogenicity. In addition, stimulation of endothelial cells with endotoxin
and indoxyl potentiated the harmful effects of each tested metabolite used separately.
This study's results confirmed an increase in Gram-negative bacilli of the
Enterobacteriaceae family and their potentially toxic metabolites, accompanied by
adecrease in beneficial anaerobic bacteria of the Bacteroidetes cluster, which can promote
vascular endothelial lesions.

The study results significantly contribute to the growing field of knowledge, the

interrelationship between the human body and the microorganisms that colonize it.
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3.WSTEP
3.1. Rozwo6j miazdzycy naczyn krwiono$nych

Miazdzyca tetnic jest przewleklym procesem zapalnym, ktéry prowadzi do
powstawania charakterystycznych, lokalnych zmian w $§cianach naczyn, tzw. blaszek
miazdzycowych. Blaszka miazdzycowa zbudowana jest z lipidowego rdzenia
i pokrywajacej go widknistej powtoki. W poczatkowym okresie ztogi miazdzycowe
przemieszczaja sie pod warstwe Srodbtonka i wraz z powiekszaniem swoich rozmiaréw
stopniowo zwezaja S$wiatto naczynia, zaburzajac prawidtowe ukrwienie mies$nia
sercowego. Proces rozwoju blaszki miazdzycowej trwa latami i jest bezobjawowy. Jednak
z czasem, stan ten ulega progresji do odczuwanych przez chorego objawéw, z ktérych
najbardziej znamiennym jest b6l w klatce piersiowej. Zmiany zapalne w tetnicach
powstaja wieloetapowo i sg zwigzane z charakterystyczng budowg $ciany naczyn [1,2].
Sciana tetnic sktada sie z trzech warstw: wewnetrznej, tworzonej przez komorki
$rédbtonka, sSrodkowej- zbudowanej z btony sprezystej i okreznie utozonych komoérek
mie$ni gladkich, zawieszonych w bogatej we witékna kolagenowe macierzy
miedzykomérkowej oraz zewnetrznej, tzw. przydanki, obejmujacej widékna sprezyste
i kolagenowe zakotwiczajace $ciane naczynia do tkanki tacznej, zawierajacej fibroblasty,

komorki tuczne oraz komorki miesniéwki gtadkiej (Ryc.1).

1~ PRZYDANKA
- BLONA
SRODKOWA

 BLONA
WEWNETRZNA

Ryc.1 Schemat budowy $ciany tetnicy.

Pojedyncza warstwa komorek srodbtonka, majgca bezposredni kontakt z krwig,
odgrywa gtéwna role w poczatkowych etapach rozwoju miazdzycy. Prawidlowy
Srodbtonek tworzy bariere nieprzepuszczalng dla wiekszosci wielkoczasteczkowych
zwigzkow transportowanych przez krew, np. lipoprotein o niskiej gestosci (LDL).

Kluczowa rolg S$rodbtonka jest utrzymywanie réwnowagi pomiedzy procesami
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krzepniecia i antykoagulacji, dzieki syntezie réznych zwigzkéw o charakterze
przeciwzakrzepowym, np. siarczanu heparanu obecnego na powierzchni komorek oraz
uwalnianemu do krwi tlenkowi azotu. Tlenek azotu posiada réwniez dzialanie
rozszerzajgce naczynia krwionos$ne, dzieki czemu zapewnia prawidtowy przeptyw krwi
w naczyniach. Poza tym, S$rddblonek aktywnie wuczestniczy w procesach
immunologicznych poprzez ekspresje receptoréw zaangazowanych w odpowiedzZ
immunologiczng oraz sekrecje cytokin i chemokin pro- i anty-zapalnych, a takze
aktywno$c¢ fagocytarna krazacych makromolekut [3]. Ekspozycja Srodbtonka na dziatanie
sit mechanicznych (przepltyw krwi pod ci$nieniem) lub zwigzkéw chemicznych
(toksyczne metabolity, wolne rodniki) moze prowadzi¢ do jego dysfunkcji [4,5].
Pierwszym etapem tworzenia blaszki miazdzycowej jest dysfunkcja komoérek
$rédbtonka, ktéra obejmuje zmiany metaboliczne, morfologiczne i czynnoSciowe
komorek. Aktywowane zapalnie komorki sroédbtonka zmieniajg swoj ksztatt, co wptywa
na utrate ciggtosci bariery btony wewnetrznej i utatwia penetracje lipoprotein osocza
w glab $ciany naczynia. Ponadto, dysfunkcyjny srodbtonek zwieksza ekspresje na swojej
powierzchni czastek adhezyjnych, np. VCAM-1, ICAM-1, selektyny E i selektyny P,
promujacych przyleganie i penetracje leukocytow do wewnetrznej warstwy naczyn, ktéra
staje sie trombogenna. Dodatkowo, komorki $rédbtonka uwalniajg szereg cytokin
i chemokin prozapalnych, m.in. IL-1, IL-6, TNF-a, MCP-1, indukujgcych réznicowanie
naptywajacych monocytow do makrofagbw o fenotypie prozapalnym (M1),
o zwiekszonej zdolnosci fagocytarnej. Produkowana przez aktywowane komorki
$rédbtonka chemokina MCP-1 jest silnym chemoatraktantem dla monocytéw.
Aktywowane makrofagi M1 fagocytuja ztogi lipidow w btonie zewnetrznej
i przeksztatcajg sie w tzw. makrofagi piankowate, ktore cechuja liczne kropelki lipidow
w cytoplazmie. Nagromadzone czasteczki lipidéw ulegaja modyfikacjom chemicznym,
w ktérych kluczowa role odgrywa ich utlenienie, indukujace stres oksydacyjny. Czasteczki
utlenionego LDL (oxy-LDL) stymuluja komorki srédbtonka do produkcji kolejnych
cytokin prozapalnych, ktére dziatajg jako silne chemoatraktanty, przyciagajac krazace we
krwi monocyty. Monocyty przylegaja do powierzchni komoérek srédbtonka i penetruja
Sciane naczynia pod postacia makrofagéw. Makrofagi te uczestnicza w fagocytozie
czasteczek oxy-LDL oraz komdrek piankowatych, ktore ostatecznie ulegajg apoptozie.
Zmodyfikowane makrofagi syntetyzuja ptytkopochodny czynnik wzrostu (PDGF; platelet-

derived growth factor), wzmagajacy proliferacje komoérek miesni gtadkich i synteze
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macierzy pozakomdrkowej, ktéra tworzy widknista pokrywe, otaczajacg blaszke od
zewnatrz i zapewniajgcg jej stabilnosc¢ (ryc. 2) [6-8].

W5srdéd licznych czynnikéw indukujgcych rozwo6j zmian miazdzycowych takich jak
hiperlipidemia, nadci$nienie oraz cukrzyca, coraz cze$ciej wymieniana jest mikroflora

jelit [9].

MONOCYTY 0 VY e o

KOMORKI
PIANKOWATE

BLASZKA
MIAZDZYCOWA

- KOMORKI MIESNI
GLADKICH

Ryc. 2 Schemat powstawania blaszki miazdzycowej. Opis w tekscie.

3.2. Rola mikroflory jelit w chorobach sercowo-naczyniowych

Mikroflora (mikrobiota) jelit, reprezentowana przez wszystkie grupy
drobnoustrojéw, tj. wirusy, bakterie, grzyby i pierwotniaki, stanowi niezwykle ztoZony,
kompleksowy ekosystem odgrywajacy wazng role w utrzymaniu homeostazy naszego
organizmu. Drobnoustroje tworzgce mikrobiote w warunkach zdrowia pozostaja
w okres$lonych wzajemnych interakcjach oraz stosunkach iloSciowych, co wptywa na
regulacje procesow fizjologicznych i metabolicznych przewodu pokarmowego,
np. perystaltyke jelit, absorpcje sktadnikéw odzywczych, transport jonéw i utrzymanie
bariery nabtonka jelita [10,11]. Sktad i aktywno$¢ metaboliczng mikrobioty jelit reguluje
szereg czynnikdw endogennych, np. hormony, enzymy trawienne, Z6t¢ oraz egzogennych,
z ktorych najwazniejszg role petni dieta. Prawidtowa dieta, dostarczajaca odpowiednia
ilo§¢ niefermentowanych w przewodzie pokarmowych cztowieka weglowodandw,
zawartych w ro$linach oraz nienasyconych kwasow ttuszczowych, utrzymuje delikatng
rownowage mikrobioty. Poza dietg, na prawidtowy profil mikrobioty wptyw ma wiele

innych czynnikow np. wiek, aktywnos$¢ fizyczna, profil genetyczny osobnika,
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przyjmowane leki (szczegdlnie antybiotyki), stres, a nawet zamieszkiwany obszar
geograficzny czy zanieczyszczenie Srodowiska [12,13].

Dysbioze jelit cechuje zmieniona liczebno$¢ i zréznicowanie gatunkoéw bakterii
kolonizujacych jelito, co koreluje ze zmienionym profilem metabolicznym mikrobioty.
Obserwowana w dysbiozie przewaga potencjalnie patogennych gatunkéw bakterii
komensalnych, tzw. patobiontéw, prowadzi do wzrostu ilo$ci prozapalnych antygendw,
tzw. PAMP (pathogen associated molecular pattern), wykrywanych przez swoiste
receptory komorkowe rozmieszczone na powierzchni niemal wszystkich komorek
organizmu cztowieka, tzw. PRR (pattern recognition receptor), do ktoérych naleza
m.in. receptory TLR. Interakcja bakteryjnych antygenéw PAMP z receptorami PRR
indukuje stan zapalny jelit, ktory rozszczelnia bariere nabtonka jelita, prowadzac do
translokacji bakteryjnych metabolitéw do krwiobiegu. Przeciekajace do krwi bakteryjne
metabolity indukujg ogélnoustrojowy, przewlekly stan zapalny, zwigzany z patogeneza
zaburzen metabolicznych obserwowanych m.in. w cukrzycy typu 2, niealkoholowym
sttuszczeniu watroby, oraz w wielu chorobach pozornie niezwigzanych z dysbiozg jelit,
jak choroby neurodegeneracyjne i nowotworowe [14-17].

W rozwoju choréb sercowo-naczyniowych szczegélna rola przypisywana jest
metabolitom bakteryjnym o udowodnionym dziataniu toksycznym dla komérek
$rédbtonka w badaniach in vitro oraz in vivo na modelu zwierzecym. Do proaterogennych
metabolitow zaliczany jest dobrze scharakteryzowany tlenek trimetyloaminy (TMAO),
ktéry indukuje stres oksydacyjny w $réddbtonku i zwieksza jego trombogennos$¢ [18].
Podobnie szkodliwy wptyw na komérki Srédbtonka naczyn krwionos$nych wywiera
indoksyl, watrobowy metabolit bakteryjnego indolu. Indoksyl usuwany jest z krazenia
poprzez filtracje nerkowa, stad u chorych z zaburzong funkcja nerek, metabolit ten osigga
we krwi wysokie stezenia, toksyczne dla $srédbtonka naczyn krwiono$nych [19]. Poza
metabolitami, dysbioza przyczynia sie do przeciekania do krwiobiegu bakteryjnych
antygenéw, z ktérych endotoksyna (lipopolisacharyd, LPS) peini istotng role
w indukowaniu ogdlnoustrojowego stanu zapalnego [20].

Bakterie wchodzace w sktad mikrobioty jelitowej mozna podzielic na cztery
najwazniejsze gromady: : Bacteroides, Firmicutes, Proteobacteria i Actinobacteria [21].
Dysbioza jelit zwigzana ze wzrostem liczebnos$ci jednej z gromad np. obejmujacych
bakterie Gram-ujemne, bedace Zrodiem endotoksyny i spadkiem liczebnos$ci innej

gromady np. obejmujacej bakterie Gram-dodatnie, bedace producentami korzystnych dla
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cztowieka krotkotancuchowych kwaséw ttuszczowych (SCFA). Taki stan powoduje
spadek SCFA oraz wzrost poziomu endotoksyny w krwiobiegu- endotoksemie [22].
Dotychczasowe wyniki multiomicznych badan, wykorzystujacych nowoczesnag
technologie sekwencjonowania, wskazuja, Ze miazdzycy naczyn krwiono$nych
towarzysza zmiany dysbiotyczne mikrobioty jelit, obejmujace spadek liczebnos$ci bakterii
z gromady Bacteroides przy rownoczesnym wzrosScie liczebnoSci bakterii z gromady

Firmicutes [23,24].

3.3. Wplyw metabolicznej endotoksemii na Srédbtonek naczyniowy

W ostatnich latach znaczaco wzrosta liczba badan wskazujacych na role
metabolicznej endotoksemii w rozwoju choréb sercowo-naczyniowych i miazdzycy
naczyn krwionos$nych [22,25].

Endotoksemia metaboliczna definiowana jest jako niewielki wzrost poziomu LPS
w osoczu (2-3-krotny wzrost ponad poziom wykrywany u oséb zdrowych), ktéry
towarzyszy diecie o wysokiej zawarto$ci tluszczow nasyconych [26,27].
W przeciwienstwie do ostrej endotoksemii, zwigzanej z bakteryjnym zakazeniem krwi,
np. bakteriemia i sepsg, metaboliczna endotoksemia charakteryzuje sie obecno$cig
niskiego poziomu LPS we krwi (<10 ng/ml) i podostrym, ogdélnoustrojowym stanem
zapalnym, prowadzacym ostatecznie do rozwoju szeregu choréb [28,29]. Endotoksyna
moze by¢ produkowana przez bakterie zasiedlajgce rézne okolice organizmu cztowieka,
np. przez mikrobiote jamy ustnej, jednak jej gtdownym Zrédtem we krwi jest mikrobiota
jelitowa [25].

Metaboliczna endotoksemia indukowana jest przede wszystkim dietg
wysokottuszczowg i wigze sie ze wzrostem przepuszczalno$ci bariery jelitowej oraz
pasazem endotoksyny i innych metabolitéw bakteryjnych do krazenia [27]. Na rozwdj
metabolicznej endotoksemii wazny wplyw majg nasycone kwasy tluszczowe pochodzace
z diety i wchianiane z jelita do krazenia, ktére podobnie do endotoksyny, indukujg stan
zapalny Srédbtonka naczyn krwiono$nych [30]. W badaniach na zwierzetach wykazano,
ze ttuszcze pokarmowe utatwiajg translokacje endotoksyny z jelita do krazenia dzieki jej
wigzaniu przez chylomikrony powstajgce w obrebie enterocytow [31,32]. Enterocyty
nabtonka jelita internalizujg endotoksyne z powierzchni apikalnej i transportuja ja do
aparatu Golgiego, gdzie powstajg chylomikrony, w ktére wbudowywany jest LPS. Z uwagi
na to, ze LPS ma wysokie powinowactwo do chylomikronéw, ich powstawanie sprzyja

wchtanianiu endotoksyny i jej transportowi do uktadu limfatycznego jelita cienkiego,
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a nastepnie do krazenia przez przewdd piersiowy [31,33,34]. Lipoliza chylomikronow
w  krazeniu sprzyja uwalnianiu LPS, ktéry nastepnie jest wigzany
z glikoproteinami CD14 krazacymi w surowicy lub zwigzanymi z powierzchnig komoérek
immunologicznych, tj. monocytéw/makrofagéw poprzez biatko wigzace lipopolisacharyd
(LBP; lipopolysaccharide-binding protein) [32]. Kompleks LPS-LBP-CD14 wchodzi
w interakcje z receptorem TLR4 prezentowanym na monocytach/makrofagach, a takze

komorkach srédbtonka, inicjujac synteze i sekrecje cytokin prozapalnych, m.in. IL-1, IL-6,

IL-8, TNFa (Ryc. 3) [32].
Q :| KOMPLEKS
LBP+LPS

SZLAK PROZAPALNYl

NF-kB )

JADRO KOMORKOWE
MCP1 

Ryc. 3. Indukowana endotoksyng aktywacja szlaku prozapalnego w monocytach

i komorkach srodbtonka.

Metaboliczna endotoksemia ma niekorzystny wptyw na $rédbtonek naczyn
krwiono$nych przede wszystkim u os6b otytych, u ktérych endotoksemia koreluje
z popositkowa, skumulowang chylomikronemia, wzrastajaca wraz z ilo$cig spozywanego
ttuszczu [32]. Stad, spozywanie positkow wysokottuszczowych przez dtugi okres
ostatecznie prowadzi do hiperlipidemii, stale podwyzszonego poziomu LPS we krwi
i rozwoju chronicznego stanu zapalnego Srodbtonka naczyn krwionos$nych, ktéry

bezposrednio przyczynia sie do rozwoju blaszek miazdzycowych [35].
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4. CELE 1 ZALOZENIA PROJEKTU BADAWCZEGO

Wzrost zainteresowania rolg drobnoustrojéw kolonizujacych organizm cztowieka
w rozwoju réoznych chorob stat sie platformg wielokierunkowych badan na tym polu.
Temat wptywu mikrobioty jelit na rozw6j choréb sercowo-naczyniowych, biorgc pod
uwage czestoS¢ ich wystepowania, jest szczeg6lnie wazny. Dodatkowo, z uwagi na
podnoszong od dawna role prawidtowej diety w patomechanizmie tych choréb, udziat
drobnoustrojow kolonizujacych jelita cztowieka 1 aktywnie uczestniczacych
w metabolizmie sktadnikéw pokarmowych jest w peini uzasadniony. Dieta jest
kluczowym elementem ksztattujacym mikrobiote jelit, jej sklad i aktywnos$¢
metaboliczng. Co wiecej, jest to jeden z modyfikowalnych czynnikéw ryzyka
odgrywajacych znaczaca role w chorobach sercowo-naczyniowych.

Pomimo zZe wiele badan potwierdza udzial drobnoustrojéow jelitowych w rozwoju
choréb sercowo-naczyniowych, nadal niewiele wiadomo o realnym wptywie mikrobioty
jelit na patomechanizm tych choréb. Z calg pewnos$cig zmiany wzajemnych proporcji
grup drobnoustrojow, nierozerwalnie zwigzane ze zmianami ich aktywnos$ci

metabolicznej, indukujg szereg zmian w organizmie cztowieka.

Celem podjetych badan byta analiza poréwnawcza mikrobiomu jelit os6b
z choroba niedokrwiennag serca i os6b zdrowych oraz ocena wptywu wybranych

metabolitéw bakteryjnych na komorki sr6dbtonka naczyn krwiono$nych.
Realizacja celu pracy sktadata sie z dwoch czesci, z ktérych kazda obejmowata dwa etapy:
1. a) analiza mikrobiomu jelit 0s6b z choroba niedokrwienng serca i oséb zdrowych
b) analiza poréwnawcza uzyskanych wynikéw sekwencjonowania mikrobiomu
z dostepnymi danymi na temat zmian mikrobiomu jelit w chorobach sercowo-

naczyniowych

2. a) wptyw wybranych na podstawie wynikéw analizy mikrobiomu metabolitow

bakteryjnych na komorki srédbtonka - badania in vitro
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Badania in vitro

) \ ~N
MIKROBIOM METABOLITY
Sekwencjonowanie $ endotoksyna, indykan
> 16 rRNA — komorki srodbtonka
g @ ] d
a.
g N
Meta-analiza
Przeglad
systematyczny
J

4.1. Analiza mikrobiomu jelit oséb z choroba niedokrwienna serca i oséb
zdrowych

a) analize mikrobiomu jelit badanych chorych i zdrowych wykonano metoda biologii
molekularnej, ktéra opiera sie na tancuchowej reakcji polimerazy (PCR) z amplifikacja
bakteryjnego 16S rRNA. Metoda ta pozwala na zbadanie genomu mikrobioty danego
ekosystemu, np. jelit, a nastepnie pordéwnanie uzyskanych danych z dostepnymi
bibliotekami genomowymi wszystkich znanych drobnoustrojéw. Analiza komputerowa
uzyskanych danych umozliwia wiec poznanie genéw drobnoustrojéw tworzacych dany
ekosystem.

b) analize poréwnawcza stanowity: meta-analiza i przeglad systematyczny dostepnych
danych na temat zmian mikroflory jelit w chorobach sercowo-naczyniowych.
Poré6wnywanie genoméw bakteryjnych (mikrobioméw) miedzy badanymi grupami,
np. chorymi a zdrowymi, umozliwia ustalenie réznic sktadu mikroflory jelit, ktére moga

indukowa¢ w organizmie zmiany chorobowe.

4.2. Wptyw wybranych metabolitow na komorki srodbtonka naczyn
krwionosnych- badania in vitro

a) do badan in vitro na $rédbtonku naczyniowym wybrano endotoksyne oraz siarczan
indoksylu (indykan), bedacy watrobowym metabolitem indolu wytwarzanego przez
bakterie jelitowe. Wybor metabolitéw byt podyktowany zwiekszonym wystepowaniem
u os0b chorych bakterii z gromady Proteobacteria, stanowiacych najczestsza przyczyne
endotoksemii. Indoksyl zostal wybrany ze wzgledu na swojg toksycznos¢ dla komorek
Srodbtonka oraz ze wzgledu na fakt, ze jest czestym metabolitem Proteobacteria. Stezenia
obu metabolitow do badan zostaty wybrane na podstawie ich $redniego stezenia

w probkach surowicy badanych chorych oraz w stezeniach 10-krotnie wyzszych w celu
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potwierdzenia swoistoSci ich wptywu na komorki srédbtonka. Badania na komoérkach
Srodbtonka obejmowaly wybrane parametry komoérkowe: zywotno$¢ i morfologie,
poziom wytwarzanych wolnych rodnikéw tlenowych oraz wybrane cechy swoiste dla
trombogennych komoérek tj., poziom prezentowanej E-selektyny, adhezje monocytow
i poziom uwalnianej chemokiny prozapalnej MCP-1, bedacej chemoatraktantem dla
monocytéw. Nowatorskim podejSciem w tych badaniach byta ocena bezposredniego
i posredniego wptywu (z zastosowaniem podtozy kondycjonowanych znad makrofagow)
kazdego metabolitu z osobna oraz w potaczeniu (badanie wspottoksycznosci) na

$rédbtonek naczyniowy, co przyblizyto model badawczy do sytuacji in vivo.

WPLYW J
Bezposredni Posredni
L " o I/' & T
Memb?l “? Metabolity
¥ romprn + makrofagi
. Srédblonka  } | )
Podloie
kondycjonowane
(CM)

{eytokiny, chemokiny, czynniki
wzrostu)

cMm
+ komarki
srodblonka

Bezposredni wplyw odzwierciedla oddzialywanie badanych metabolitéw krazacych we
krwi na komoérki srédbtonka naczyn krwiono$nych.

Posredni wplyw odzwierciedla interakcje metabolitéw krazacych we krwi
z leukocytami, ktére w odpowiedzi syntetyzuja i wydzielajg cytokiny, chemokiny, czynniki

wzrostu i inne metabolity, oddziatujagce na komorki sSrédbtonka naczyn krwionos$nych.
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5. MATERIALY I METODY
5.1. Charakterystyka badanej grupy pacjentow

Grupe badang stanowito 15 pacjentéw z chorobg niedokrwienng serca i 15 zdrowych
ochotnikow. Choroba niedokrwienna serca byta potwierdzona przy uzyciu
koronarografii, a do badania zakwalifikowano osoby z co najmniej 50% zwezeniem
Swiatta jednego lub wielu naczyn. Uczestnicy badania zostali zrekrutowani sposréd
pacjentow Oddziatu Kardiologicznego Wojewddzkiego Szpitala Specjalistycznego we
Wroctawiu w okresie od marca do wrzesnia 2020r. Kryteria wylaczenia obejmowaty:
choroby nerek definiowane jako wzrost poziomu kreatyniny >2mg/dl, choroby
nowotworowe, choroby watroby, aktywne choroby zakaZne i stosowanie antybiotykéw
w ciggu czterech tygodni przed pobraniem prébek. Wszyscy uczestnicy badania wyrazili
pisemng zgode, badanie przestrzegato wytycznych Deklaracji Helsiniskiej i zostato
zatwierdzone przez Komisje Bioetyczng Uniwersytetu Medycznego we Wroctawiu

(numer autoryzacji KN-209/2020).

5.2. Probki katu i surowicy

0d wszystkich uczestnikéw badania pobrano prébki katu oraz krwi. Pobierane
sukcesywnie materiaty w ciggu 4 godz. byty dostarczone do laboratorium (prébki po
pobraniu oraz podczas transportu przechowywano w temp. lodéwki). W laboratorium,
probki katu byty rozporcjowane i zamrazane w temp. — 80°C. Prébki krwi pobierano do
suchej sterylnej proboéwki lub probéwki z antykoagulantem w celu uzyskania osocza.
W zaleznoSci od stopnia wykrzepiania, prébki krwi byty odwirowywane lub umieszczane
w inkubatorze o temperaturze 37°C, aby wykrzepi¢ wtoknik. Nastepnie, pobierano
surowice znad skrzepu krwi, ktéra byta rozdzielana na mniejsze porcje i zamrazana

w temperaturze -80°C.

5.3. Oznaczenia poziomow endotoksyny i indoksylu w surowicy badanych oséb

Poziom LPS w badanych prébkach oznaczano chromogennym testem LAL, po
ogrzaniu probek osocza w celu usuniecia nieswoistych inhibitoréw reakcji. Poziom
siarczanu indoksylu oznaczono gotowym testem immunoenzymatycznym Indoxyl
Sulphate ELISA kit, pozwalajagcym wykry¢ ten zwigzek w osoczu i w surowicy. Oba testy

wykonano zgodnie z dotgczonymi instrukcjami producentow.
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5.4. Metody zastosowane do analizy mikrobiomu jelit badanych osdb

Z probek katu izolowano DNA stosujgc kit firmy Qiagen (QIAamp DNA Stool Mini
Kit) zgodnie z instrukcjg producenta. Sekwencjonowanie i amplifikacje hiperzmiennego
regionu V3-V4 rybosomalnego RNA (rRNA) wykonata jako ustuge zewnetrzng firma
Genomed. IloSciowg amplifikacje w reakcji tancuchowej polimerazy w czasie
rzeczywistym przeprowadzono w trzech powtérzeniach. Produkty amplifikacji po
oczyszczeniu poddawano pirosekwencjonowaniu przy uzyciu systemu MiSeq (Illumina,
San Diego, CA, USA). Analize uzyskanych wynikéw przeprowadzono przy uzyciu
$Srodowiska Snakemake, z wykorzystaniem algorytméw cutadapt, USEARCH3, phyloseq
object, decipher idtaxa, z baza SILVA jako referencyjng baza danych.

5.5. Metody zastosowane w badaniach in vitro
5.5.1. Hodowle linii komérkowych

Badania wykonano na pierwotnej, unieSmiertelnionej linii komdérkowej ludzkich
komorek srédbtonka HUVEC (nr. kat. C-015-10C; ThermoFisher Scientific). Komorki
hodowano w dedykowanym dla komoérek sré6dbtonka podtozu EGM™ (Endothelial Cell
Growth Medium-2 bullet kit™ z suplementami: hydrokortyzon, hFGF, VEGF, R3-IGF,
kwas askorbowy, hEGF, heparyna; Lonza, Polska). Hodowle prowadzono w butelkach do
hodowli komoérkowych optaszczonych kolagenem (Rat tail collagen type I; Sigma-Merc)
w stezeniu 10 pg/cm?, w atmosferze 5% CO2, temperaturze 37°C. Podtoze hodowlane
zmieniano co 48 godzin. Do eksperymentéw komorki trypsynizowano (Trypsyna-EDTA
0,25%; ThermoFisher Scientific), odwirowywano (1000 rpm, 10 min, 4°C) i ustalano
gesto$¢ zawiesiny komoérek. Komorki wsiewano nastepnie do dotkéw ptytek
nieoptaszczanych kolagenem w ilo$ci 4x10°> komoérek/ml. Ponadto, aby wyeliminowa¢
wptyw czynnikow wzrostu obecnych w podtozu hodowlanym na wyniki badan, do
wszystkich eksperymentéw komorki zawieszano w podiozu hodowlanym M199
wzbogaconym 20% surowicg i preinkubowano przez 24 godz. Dodatek wysokiego
stezenia surowicy byl podyktowany uzyciem w badaniach LPS, ktéry do aktywacji
receptora TLR4 na komorkach wymaga zwigzania z surowiczym biatkiem wigzacym
endotoksyne, tj. LBP oraz glikoproteiny CD14. W doswiadczeniach wymagajacych
barwienia komorek, komoérki HUVEC hodowano w ptytkach 24-dotkowych

z umieszczonymi w dotkach sterylnymi, okragtymi szkietkami o Srednicy 13 mm.

21



Druga liniag komdérkowa zastosowang w badaniach byta linia ludzkich monocytéw
THP-1 (nr. kat. EP-CL-0233; ELABScience) hodowana w podtozu RMPI-1640
(ThermoFisher Scientific) z dodatkiem 10% inaktywowanej ptodowej surowicy bydlecej
oraz antybiotykami: penicyling i streptomycyng (ThermoFisher Scientific).

Gestos¢ zawiesiny komorek ustalano w kamerze Biirkera po barwieniu btekitem
trypanu, ktéry barwi martwe, uszkodzone komorki na niebiesko. W przypadku
nieadherentnych komorek linii THP-1 gesto$¢ zawiesiny komorek ustalano tak jak dla
komorek Srédbtonka z pominieciem trypsynizacji.

We wszystkich oznaczeniach komorki przed stymulacja plukano buforem
fosforanowym (PBS) o pH 7.2 lub roztworem HBSS (Hank’s Balanced Salt Solution) o tej
samej wartosci pH. Oba roztwory do ptukania byty przed uzyciem ogrzewane do temp.

37°C lub, jak wskazano w opisie testu, schtodzone w temp. lodéwki (4°C).

5.5.2. Zywotno$¢ i morfologia komorek

Zywotno$¢ i proliferacje komoérek obu linii komérkowych, tj. HUVEC i THP-1
oznaczano w reakcji z MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide). Zawiesine komérek (o gestoSci 4x10°> komdrek/ml) wsiewano do dotkéw
96-dotkowej ptytki hodowlanej i inkubowano do nastepnego dnia, po czym stymulowano
przez 18 godz. badanymi metabolitami w wybranych stezeniach, tj. endotoksyna (LPS):
3 ng/ml i 30 ng/ml, indoksyl (IS): 13 uM i 130 uM oraz LPS+IS w niskich stezeniach
tj. 3 ng LPS + 13 puM IS oraz 10-krotnie wyzszymi stezeniami, opisanymi jako wysokie,
tj. 30 ng/ml LPS + 130 pM IS w celu potwierdzenia swoistego wptywu badanych
zwigzkow. Po stymulacji komérek, zbierano podtoze hodowlane i dodawano $wieze
podtoze zawierajace 5 mg/ml MTT. Plytki z komoérkami inkubowano nastepnie 3 godz.
w 37°C, w atmosferze wzbogaconej w 5% CO. Podczas inkubacji zywe komorki
metabolizujg MTT do fioletowych krysztalow formazanu. Po inkubacji, ponownie
zbierano podtoze hodowlane a powstate krysztaty formazanu rozpuszczano przez
dodanie do dotkéw po 120 pl DMSO (dimethyl sulfoxide). Po 10-minutowym wytrzgsaniu
plytki w celu catkowitego rozpuszczenia krysztatow, powstaly barwny roztwoér
(w objetosci 100 pl) przenoszono do dotkow nowej plytki i dokonywano
spektrofotometrycznego (Spektrofotometr UV/VIS 340) pomiaru intensywnos$ci barwy
przy dtugosci fali 570 nm. Pomiary intensywno$ci barwy odnoszono do komorek

niestymulowanych, ktore traktowano jako kontrole ujemng (100% zywotnoS$ci

22



komorek). Natezenie barwy koreluje z zywotnos$cig i iloScia komoérek - im wiecej
komorek, tym intensywniejsze zabarwienie.

W celu oceny zmian morfologii komoérek stymulowanych badanymi metabolitami
komoérki HUVEC posiewano do dotkéw 24-dotkowych plytek ze szkietkami. Po stymulacji
i trzykrotnym ptukaniu w PBS, komoérki utrwalano 2% roztworem zbuforowane;j
formaliny przez 10 min. Po czterokrotnym ptukaniu, komdrki traktowano przez 5 min
0.5% roztworem Trition X-100 w PBS w celu rozszczelnienia bton komérkowych, aby
umozliwi¢ penetracje barwnika do cytoplazmy komoérek. Po nastepnym czterokrotnym
ptukaniu w PBS, do komérek dodawano PBS z falloidyng znakowang izotiocyjanianem
fluoresceiny (falloidyna-FITC; 50 pg/ml) i inkubowano w ciemno$ci przez 40 min.
Falloidyna-FITC barwi cytoszkielet aktynowy komoérek. Po dwukrotnym odptukaniu
niezwigzanej falloidyny-FITC, do komérek dodawano na 5 min DAPI (1 pg/ml w PBS),
tj. barwnik, ktéry wbudowujac sie w DNA jadra komoérkowego emituje niebieska
fluorescencje. Nastepnie szkietka z komdérkami wyciggano z dotkéw, umieszczano na
szkietku podstawowym i po wysuszeniu ogladano w mikroskopie fluorescencyjnych
(Olympus BX51). Morfologie komoérek dokumentowano zdjeciami z co najmniej trzech pol

widzenia.

5.5.3. Réznicowanie monocytéw w makrofagi

Po namozeniu monocyty THP-1 réznicowano w makrofagi za pomocg 25 ng/ml PMA
(phorbol 12-myristate 13-acetate) przez 72 godz. Po réznicowaniu, komorki
utrzymywano przez 48 godz. w podtozu hodowlanym RPMI-1640 z 10% surowicg bez
PMA w celu uzyskania modelu komérek morfologicznie i molekularnie odpowiadajacych
dojrzalym makrofagom[36,37]. Uzyskane w ten spos6b makrofagi okreslano jako MDM

(tj. monocyte-derived macrophages).

5.5.4. Uzyskanie podlozy kondycjonowanych

W celu uzyskania podtozy kondycjonowanych, MDM stymulowano przez 18 godz.
odpowiednimi stezeniami LPS (3 ng/ml i 30 ng/ml), IS (13 puM i 130 uM) oraz LPS+IS
w niskich stezeniach (3 ng LPS + 13 uM IS) oraz wysokich (30 ng/ml LPS + 130 puM IS).
Oba metabolity byty rozcienczane do odpowiednich stezen w pelnym podiozu
hodowlanym tj. RPMI-1640 z 10% FBS. Po stymulacji MDM, podtoza hodowlane znad

komorek zebrano, odwirowano (1200 rpm, 10 min, 4°C), a zebrane supernatanty
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rozporcjowano i zamrazano w -80°C do czasu badan. Podtoze hodowlane znad MDM
niestymulowanych stanowito kontrole ujemna. Majac na uwadze, Ze podtoza
kondycjonowane znad makrofagéw zawieraja rdézne cytokiny, chemokiny i inne
metabolity komorek, ktore moga wykazywac cytotoksyczny wptyw na komdrki in vitro,
komorki srédbtonka stymulowano podtozem hodowlanym zawierajagcym 25% podtozy

kondycjonowanych.

5.5.5. Stymulacja komoérek HUVEC
Komoérki HUVEC (4x10°5 kom./ml) wsiewano do dotkéw plytek hodowlanych

i inkubowano do nastepnego dnia. Po jednokrotnym ptukaniu, do komérek dodawano
poditoze hodowlane zawierajace badane metabolity w odpowiednich stezeniach lub
podioze hodowlane zawierajace 25% podtoza kondycjonowanego. Po 18 godzinnej
inkubacji oznaczano zywotno$¢ komérek (wg opisu powyzej), morfologie, produkcje
wolnych rodnikéw tlenowych (ROS) oraz trombogenno$¢ komorek s$rdédbtonka
w interakcji ze znakowanymi monocytami linii THP-1, a takze poziomy MCP-1,

E-selektyny.

5.5.6. 0znaczanie wolnych rodnikéw tlenowych

Wolne rodniki tlenowe (ROS) uwalniane przez komoérki sSr6dbtonka niestymulowane
oraz stymulowane badanymi metabolitami i kondycjonowanymi podtozami oznaczano za
pomocg sondy fluorescencyjnej H2DCF-DA (2', 7'-dichlorodihydrofluorescein diacetate).
Komoérki po 5-godzinnej stymulacji badanymi zwigzkami ptukano ogrzanym HBSS
i traktowano HBSS z H;DCF-DA (10 pM) przez 30 min. w temp. 37°C
i atmosferze 5% CO2. Po inkubacji, komorki ptukano delikatnie ogrzanym HBSS
i mierzono natezenie fluorescencji w spektrofotometrze Tecan Infinite M200 przy
dtugosci fali wzbudzenia 488 nm i dtugosci fali emisji 525 nm. Pomiary nateZzenia
fluorescencji ROS odnoszono do kontroli dodatniej, ktérg stanowity komoérki traktowane

50 pM H20:2 (100% produkcji ROS).

5.5.7. Badania trombogennosci komodrek srodbtonka

Ocene trombogennos$ci komoérek sSrodbtonka traktowanych badanymi metabolitami

okreSlano na podstawie adhezji monocytow linii THP-1 oraz poziomu E-selektyny
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i MCP-1. W tym celu, komérki linii HUVEC posiewano na szkietka umieszczone
w dotkach plytki hodowlanejipo catonocnej inkubacji traktowano wybranymi stezeniami
LPS i IS lub kondycjonowanymi podiozami. Po 18-godzinnej stymulacji, komorki ptukano
dwukrotnie ogrzanym PBS, aby usung¢ martwe komorki. Nastepnie do komdrek
dodawano zawiesine monocytéw barwionych fluorescencyjnie, co umozliwia ocene ich
adhezji do komorek srédbtonka.

Do fluorescencyjnego barwienia, hodowle monocytow THP-1 odwirowywano,
ustalano gesto$¢ zawiesiny (1x10° komoérek/ml) i dodawano Calcein-M (Sigma-Merc)
w stezeniu 10 pg/ml. Po delikatnym wymieszaniu, komorki inkubowano w atmosferze
5% CO2, 37°C przez 1 godz. Po inkubacji do komérek dodawano ré6wna objetos¢ zimnego
podtoza hodowlanego RPMI-1640 z 10% FBS, aby zatrzyma¢ wychwyt barwnika przez
komorki. Zawiesine komoérek odwirowywano, osad zawieszano w podtozu hodowlanym,
aby uzyska¢ zawiesine o gestosSci komoérek 5x10°> komoérek/ml. Tak przygotowane
monocyty dodawano do komdrek srodbtonka w ilosci 0,5 ml/dotek i inkubowano 4 godz.
Po zakonczeniu inkubacji, komérki ptukano 4-krotnie, aby usuna¢ niezwigzane lub luZno
zwigzane monocyty. Adhezje monocytdw do komdrek Srodbtonka ogladano
w mikroskopie fluorescencyjnym i liczono monocyty przylegajace do komorek
$rodbtonka z co najmniej 4 réznych pét widzenia. Srednig liczbe monocytéw
przylegajacych do komérek s$rédbtonka traktowanych  metabolitami lub
kondycjonowanymi podtozami poréwnywano do liczby monocytéw przylegajacych do
komorek nietraktowanych (kontroli ujemnej), ktérg przyjmowano jako 100%. Badanie
powtarzano dwukrotnie, a rezultaty przedstawiono jako $rednig uzyskanych wynikéow.

Poziom E-selektyny w komérkach S$rodbtonka stymulowanych LPS, IS oraz
kondycjonowanymi podtozami oznaczano wg metody przedstawionej przez Grabnera
[38]. Catonocny monolayer komoérek HUVEC w dotkach ptytek 6-dotkowych
stymulowano metabolitami i kondycjonowanymi podtozami w odpowiednich stezeniach
przez 18 godz., a nastepnie ptukano dwukrotnie w ogrzanym roztworze HBSS i utrwalano
0.5% zimnym roztworem zbuforowanej formaliny przez 2,5 min. Po ponownym ptukaniu
komorek roztworem HBSS z 0,5% albuming bydlecg (BSA) dodawano znakowane FITC
przeciwciala dla E-selektyny w stezeniu 10 pg/10% komorek, ktore byty rozcieniczone
w roztworze HBSS z 0,02% saponing. Po 45-minutowej inkubacji w ciemnosci, komorki
ptukano dwukrotnie w HBSS-saponina i trypsynizowano. Oderwane komorki

odwirowano (1000 rpm, 4°C; 10 min), ptukano dwukrotnie w zimnym PBS i na koniec
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rozcienczano w PBS do objetosSci wyjsciowej. Uzyskane zawiesiny komorek nanoszono po
100 pl do 3 dotkéw czarnej ptytki mikrotitracyjnej z przezroczystym dnem i wykonywano
pomiar natezenia fluorescencji w spektrofotometrze Tecan Infinite M200 przy diugosci
fali wzbudzenia i emisji 488/535 nm. Komdrki HUVEC niestymulowane, traktowane
w taki sam sposob jak komorki stymulowane, barwione izotypowym przeciwciatem
mysim znakowanym FITC stanowily kontrole swoisto$ci reakcji. Komorki
niestymulowane stanowity kontrole ujemna. Reakcje powtarzano trzykrotnie, a wyniki
stanowig $rednig uzyskanych wynikow.

Poziom MCP-1 oznaczano w podiozu hodowlanym znad komédrek S$roédbtonka
stymulowanych badanymi metabolitami i podtozami kondycjonowanymi zebranym po
5 godz. stymulacji. Zebrane znad komorek podtoze odwirowywano, aby usuna¢ resztki
komorek, natomiast w uzyskanym supernatancie oznaczano poziom MCP-1 testem
immunoenzymatycznym MCP-1 Human ELISA (ThermoFisher Scientific), wykonywanym
zgodnie z instrukcjg producenta. Stezenie MCP-1 w badanych prébkach odczytywano
z krzywej wzorcowej. Kazda prébke badang nakrapiano do dwdch dotkéw i test
powtarzano dwukrotnie. Poziom MCP-1 oznaczono réwniez w podiozu

kondycjonowanym.

5.6. Analizy statystyczne

Wyniki badan eksperymentalnych byty analizowane testem t-studenta oraz
jednoczynnikowg analizg wariancji ANOVA. Wyniki sekwencjonowania oceniano
nastepujaco: dla analiz réznorodnosci alfa, odczyty zostaly znormalizowane do
gtebokosci 5000. Réznorodnos¢ alfa byta oceniana przy uzyciu wskaznika Chaol
i Fishera, indekséw Bulla i Simpsona oraz indeksu dominacji. Dodatkowo, réznorodnos¢
beta oceniano za pomoca gtéwnej analizy sktadowych (PCoA) wazonego i niewazZonego
wskaznika UniFrac oraz odlegtoS$ci Braya-Curtisa. Istotno$¢ statystyczna byta testowana
przy uzyciu PERMANOVA z 9999 permutacjami. Istotno$¢ statystyczng okres$lono za
pomoca testu Wilcoxona oraz jednoczynnikowej analizy wariancji z testem post hoc
Tukeya. Roznice w rozktadzie enterotypéw w badanych grupach byty analizowano przy
uzyciu testu chi kwadrat. Dla wszystkich metod przyjeto warto$¢ p<0.05 jako wskazujaca

na istotnos¢ statystyczna.
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Abstract: Gut dysbiosis, alongside a high-fat diet and cigarette smoking, is considered one of the
factors promoting coronary arterial disease (CAD) development. The present study aimed to research
whether gut dyshiosis can increase bacterial metabalites concentration in the blood of CAD patients
and what impact these metabolites can exert on endothelial cells. The gut microbiomes of 15 age-
matched CAD patients and healthy controls were analyzed by 165 rRNA sequencing analysis. The
in vitro impact of LPS and indoxyl sulfate at concentrations present in patients” sera om endothelial
cells was investigated. 165 rRNA sequencing analysis revealed gul dysbiosis in CAD patients,
further confirmed by elevated LPS and indoxyl sulfate levels in patients’ sera. CAD was associated
with depletion of Bacteroidefes and Alistipes. LI'S and indoxyl sulfate demonstrated co-toxicity
to endoethelial cells inducing reactive oxygen species, E-selectin, and monocyte chemoattractant
protein-1 (MCP-1) production. Moreover, both of these metabolites promoted thrombogenicity of
endothelial cells confirmed by monocyte adherence. The co-toxicity of LPS and indoxyl sulfate
was associated with harmful effects on endothelial cells, strongly suggesting that gut dysbiosis-
associated increased intestinal permeability can initiate or promote endothelial inflammation and
atherosclerosis progression.

Keywords: coronary artery disease; gut microbiome; dyshiosis; obesity; Bacteroidetes; LPS; indoxyl
sulfate

1. Introduction

Coronary artery disease (CAD) includes stable and unstable angina, myocardial
infarction, and sudden cardiac death, the primary cause of morbidity and mortality world-
wide [1]. The mechanisms and risk factors involved in the pathogenesis of CAD have been
well-documented over recent decades. However, carly inducers triggering the cascade of
inflammation and atherosclerotic plaques formation are only putative.

Gut dysbiosis related to the change in diversity and abundance of resident intestinal
microbiota plays a vital role in cardiovascular diseases [2,3]. Gut dysbiosis induces chronic
inflammation resulting in increased intestinal epithelial permeability and leakage of bacte-
rial metabolites into the bloodstream [4]. Some of these metabolites can activate endothelial

hitps:/ /www.mdpi.com /journal/ nutrients

29



MWutriends 2022, 14, 424

20f 17

cells and promote atherosclerosis. Moreover, bacterial metabolites may interact with each
other increasing their mutual cytotoxicity to the endothelial cells directly or indirectly via
the effect on monocyte/macrophage.

To date, few bacterial metabolites that exert deleterious effects on vascular endothe-
lium have been recognized. One of those is indole, a tryptophan derivative produced by
gut microbiota, oxidized to indoxyl sulfate (IS) in the liver and then removed from the body
throughout kidneys filtration. The more indole is produced in the intestine, the more is
oxidized in the liver and released into circulation. Elevated indoxyl level induces oxidative
stress, pro-inflammatory response, and enhanced expression of adhesion molecules in
endothelial cells. The toxic effect of indoxyl on endothelial cells contributes to chronic
kidney disease (CKD) and is involved in cardiovascular diseases pathogenesis in CKD
patients [5]. However, the impact of indoxyl on CAD pathogenesis in patients without
renal impairment is still lacking,.

Another well-known bacterial metabolite with deleterious effects on the endothelial
cells is endotoxin (LPS), originating from the outer membrane of Gram-negative bacteria.
A high-fat diet increases intestinal permeability resulting in metabolic endotoxemia. Con-
tinuous translocation of low doses of LPS from intestines into circulation eventually leads
to endotoxin tolerance and the development of chronic hypoinflammation identified as
a casual of atherosclerosis and many other diseases [6]. LPS influences the endothelium
indirectly via pro-inflammatory cytokines or affects endothelial cells directly. In vascu-
lar endothelium, LPS upregulates nitric oxide synthase (iNOS), increases endothelium
permeability, and enhances the expression of leukocytes’ adhesion molecules.

Sigmificant risk factors for the development of CAD are lipoproteins and the high-fat
diet as their source. Low-density lipoproteins (LDL) entering arterial intima from the
blood are considered the primary driver of atherogenesis [7]. Diet is also an essential
factor regulating the composition and metabolic activity of the intestinal microbiota. Hence,
an unhealthy diet results in gut dysbiosis and leakage of bacterial metabolites into the
circulation [8]. Furthermore, LPS induces the conversion of the endothelial surface from
anti-coagulant to pro-coagulant and affects multiple signaling pathways via the TLR4
receptor [9]. Plasma lipoproteins such as HDL, LDL, and VLDL can sequester LIS from
circulation to limit its harmful impact on the host cells [10]. LPS sequestration by plasma
lipids, however, may become a pathway of its delivery into monocytes/macrophages
infiltrating vascular endothelium activated by cytokines released by monocytes in response
to bacterial metabolites. Moreover, at the site of clot formation, LPS alone or combined
with indoxyl via ROS formation in ECs can promote lipids oxidation and the formation of
foamy macrophages.

The present study focused on the association of gut dysbiosis and an in vitro analysis
of the direct and indirect effects of indoxyl and LPS at the concentrations present in the sera
of dysbiotic CAD patients on vascular endothelial cells. The study results demonstrated
gut dysbiosis in CAD patients and elevated levels of bacterial metabolites, i.e., LPS and
indoxyl sulfate in their sera. In vitro co-toxicity of LPS and indoxyl sulfate in meager
concentrations was associated with deleterious effects on endothelial cells, strongly sug-
gesting that overweight-associated increased intestinal permeability can initiate or promote
endothelial inflammation.

2. Materials and Methods
2.1. Study Participants

Fifteen CAD patients and 15 healthy individuals were enrolled in the study. CAD
was confirmed by coronary angiography, and patients with >>50% stenosis in single or
multiple vessels were qualified for the studv. Study participants were recruited at Regional
Specialist Hospital between March and September 2020. Biochemical parameters were
assessed employing standard techniques at the Specialist Hospital's Laboratory (Table 1).
The exclusion criteria included renal disease defined as an abnormal creatinine serum level
(>2 mg/dL), malignancy, ongoing infectious disease, hepatic disease, and use of antibiotics
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within four weeks before sample collection. Unfortunately, in the study, there are sex
ratio differences between the CAD and control groups. CAD affects men more often than
women; hence the patient group included mainly men. However, obtaining stool samples
from healthy older adults for the study turned out unexpectable difficult. For unknown
reasons, perhaps embarrassment, men usually refused to provide stool samples, so the
control group included mainly women. All study participants gave their written consents;
the study followed guidelines of the Helsinki Declaration and was approved by Wroclaw
Medical University’s Ethics Committee (authorization number KN-209/2020).

Table 1. Baseline clinical characteristics of the study cohort.

CAD N{z:vlesrage] Range HC;TA:i;agel Range p-Value
Age (years) 672L9 54-90 57 £11.1 47-74 p=05
Sex(male/female) 114 5/10
BMI 294 =505 23.6-39.26 2595 =421 18.71-36.25 p<0.05
CAD type 10 5A; 5-ACS NO .
Indoxyl sulfate (uM) 131+ 41 3.6-21.2 6.9 £ N3.5 2.1-15.7 p=041
LPS (pg/mL) 2800 = 1500 S00-5500 85123 0.0-30 £ = 0.0001

CAD, coronary artery disease; HC, healthy controls, SA—stable angina, ACS—acute coronary syndrome.

2.2. Microbiome Analysis

Stool samples from all participants, collected and transported to the laboratory inan
ice bag, were stored at —80 “C until processed. DNA was extracted from stool specimens
using the QIAamp DNA Stool Mini Kit. The hypervariable V3-V4 regions of the 165
ribosomal RNA (rRNA) gene were amplified. Quantitative real-time polymerase chain
reaction amplification was performed in triplicate. The products were purified, and then
pyrosequencing was performed using the MiSeq system (Illumina, San Diego, CA, USA).
The entire workflow for microbiome analysis was run in Snakemake [11], cutadapt [12],
USEARCHS3 algorithm [13], phyloseq object [14], decipher idtaxa [15], with SILVA as
reference database [16].

2.3. Endotoxin, Indoxyl Sulfate, Measurements in Patients Sera

LPS level was determined using PierceTM LAL chromogenic assay (ThermoFisher
Science, Basel, Switzerland), whereas IS was measured in plasma samples with Human
Indoxyl Sulphate ELISA Kit (MyBioSource, Bergkillavigen, Sweden). Both assays were
performed according to the manufacturer’s instructions.

2.4. Cell Cultures and Conditioned Medium Preparation

Endothelial cells (primary human umbilical vein endothelial cell line HUVEC C-015-
10C was obtained from ThermoFisher Scientific) were routinely cultured in an EBM-2 bullet
kit medium (Lonza, Cologne, Germany). For experiments, HUVECs were trypsinized
and seeded into cell culture plates at the density of 4 x 10° cells/mL in M199 medium
(ThermoFisher Science, Basel, Switzerland ) supplemented with 10% fetal bovine serum
(FB5) and cultured overnight. The cells between passages 2 and 4 were used in the study.
The human monocytic THP-1 cell line (EP-CL-0233) from Elabscience was cultured in RPMI-
1640 medium (ThermoFisher Science, Basel, Switzerland) with 10% FBS and 1% antibiotics
solution (penicillin, streptomycin). THP-1 cells were differentiated into monocyte-derived
macrophages (MDM) with 50 ng/mL PMA (phorbol 12-myristate 13-acetate; Merc Life
Science, Darmstadt, Germany) for 48 h. The obtained monocyte-derived macrophages
(MDM) were stimulated for 18 h with LPS (from Salmonella typhimurium) and indoxyl sulfate
(both from Merc Life Science, Darmstadt, Germany) at concentrations corresponding to a
mean concentration detected in patients sera and ten times higher concentrations. Thus,
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LPS was used at concentrations 3 ng,/mL or 30 ng/mL and indoxyl at 13 uM and 130 pM.
The mixtures of both metabolites at concentrations LPS 3 ng/mL + indoxyl 13 pM, LPS
30 ng/mlL + indoxyl 130 pM were used to assess the co-toxicity of these both metabolites.
Every time, before cell treatment, LPS and IS after dilution in a cell culture medium were
preincubated for 1 h at 37 °C to interact with serum proteins, i.e., albumin for IS and LIPS-
binding protein (LBP) for LPS. The negative control included MDM in RPMI-1640 medium
without LPS and indexyl. After MDM stimulation with LPS and/or IS, the culture medium
was drawn and centrifuged for 10 min at 1500 % ¢ rpm and filter-sterilized (0.22 pm). The
resultant supernatants (called conditioned media; CM) were frozen at —70 °C for further
study. The CM from macrophages apart from LIPS and indoxyl contains cellular metabolites
and cytokines in concentrations toxic to cultured cells. Hence, CM was diluted with a cell
culture medium to a concentration of 25% (hereafter referred to as CM25).

2.5. Cells Viability and ROS Measurement

HUVECs and MDM \.'iahilit}.r was assessed with 1 mg/mL MTT (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium bromide; Merc Life Science, Darmstadt, Germany). The
cells were treated with LPS and IS at appropriate concentrations for 18 h and followed
with incubation with MTT for 2 h at 37 °C in an atmosphere with 5% COs. The MTT
solution was removed, and 100 pL DMSO was added to wells to dissolve violet for-
mazan crystals, The reaction was read at 370 nm in a spectrophotometer UV /VIS 340.
Cell morphology was assessed under an inverted microscope and after staining with
pha].loid'm—FlT C and DAPI to visualize the cell actin filaments and nuclei, respectively.
The 2, 7’-dichlorodihydrofluorescein diacetate (H2DCF-DA; Merc Life Science, Darmstadt,
Germany) was used to assess ROS production in HUVECSs treated with LPS and IS at
appropriate concentrations for 5 h. HUVECs treated with 50 pM H;O;, and untreated
cells served as a positive control and negative control, respectively. After treatment, cells
were washed three times with Hank's Balanced solution (HBSS), and 10 uM H2DCF-DA
in HBSS was added to cells for 30 min. The fluorescent product was quantified with a
spectr()phummeter Tecan Infinite M200 plate reader at 488 /525 nm.

2.6. Endothelial Cells Thrombogenicity Assessment

The effect of LPS and indoxyl on HUVECs thrombogenicity was investigated by
monocyte adherence, E-selectin, and MCP-1 investigation. HUVECs were pre-treated for5h
with LPS and indoxyl at appropriate concentrations in M199 medium supplemented with
10% FBS and CM25 diluted in M199 medium. THP-1 cells at the density 1 x 108 cell /mL
were stained with 10 pg/mlL calcein-AM for 1 h and added to stimulated HUVEC cells for
4 h. Following three washes in FIBSS, the number of THFP-1 cells adhering to HUVECs was
quantified under a fluorescence microscope (from six different fields of view) and expressed
as the percentage of adhering monocytes relative to negative control, i.e., unstimulated
HUVEC cells, considered 100%.

E-selectin level in HUVEC cells stimulated with LPS and indoxyl, and CM25 was
assessed according to the protocol described by Grabner et al. [17]. Briefly, confluent
HUVECs layers in a 6-well plate stimulated with CM25 or LPS and 1S for 18 h was washed
twice with PBS and fixed with cold 0.5% formalin in PBS for 2.5 min. Then, cells were
washed with HBSS5-BSA (0.5% t/v) before adding FITC-conjugated mouse monoclonal anti-
human E-selectin antibody (R&D Systems, Abingdon, United Kingdom) at concentration
10 ug per 1 x 10° cells in HBSS with 0.02% saponin (iw/v). The reaction was run for
45 min at 4 °C in darkness, followed by two washes in HBSS-saponin and detachment
with 0.25% trypsin. Detached cells were collected and centrifuged at 1000 g rpm at 4 °C
for 10 min, washed twice with cold PBS, and finally diluted in PBS. A 100 pl. sample was
added to a 96-well black-walled plate in triplicate and read using a Tecan Infinite M200
plate reader at 488/535 nm. HUVECs incubated at the same conditions with an isotype
mouse FITC-conjugated antibody (Merc Life Science, Darmstadt, Germany) served as a
negative control.

32



MWutriends 2022, 14, 424

Sof 17

MCP-1 protein was assessed in the culture media from HUVECs stimulated with
CM25 and LIS and IS antigens for 5 h using the MCP-1 Human ELISA kit (ThermoFisher
Science, Basel, Switzerland) performed according to the manufacturer’s instruction. The
level of MCP-1 was calculated from a standard curve.

2.7. Statistical Analysis

For alpha diversity analyses, reads were normalized to 5000 reads by subsampling
without replacements. Alpha diversity was assessed using Chaol and Fisher’s alpha
(richness), Bulla and Simpson indices (evenness), and dominance index. In addition,
beta-diversity was assessed using principal coordinate analysis (PCoA) weighted UniFrae,
unweighted UniFrac, and Bray-Curtis distances. Statistical significance was tested with
PERMANOVA using 9999 permutations., All in vitro study data are presented as the
mean £ SEM from at least three independent experiments performed in triplicate unless
otherwise indicated in the figure legend. Statistical significance of differences between
means was determined by analysis of variance (one-way ANOVA with post hoec Tukey's
honestly significant difference) and Wilcoxon signed-ranks test with p < 0.05 considered
statistically significant. The differences in enterotypes distribution in study groups were
analysed using the chi-square test with p < 0.05 considered statistically significant.

3. Results

Bacterial metabolites leaking from the gut into the bloodstream can affect the vascular
endothelium directly or indirectly by factors released from white blood cells upon contact
with bacterial antigens. To better understand the role of gut dysbiosis in the development
of atherosclerosis, the study aimed to evaluate, first, the gut microbiome in CAD patients
and healthy controls, second, the levels of LPS and IS in the sera of CAD patients and their
direct and indirect effects on the vascular endothelium.

There are five core bacterial phyla within the gut microbiome. The most numerous
Firmicutes make up 65%, followed by Bacteroidota accounting 30%, Proteobacteria and Ver-
rucomticrobiota constituting 2%, Actinobacteria comprising 1%, and other phyla contributing
<1% [18]. In the study, the 165 rRNA analysis revealed noteworthy differences in gut micro-
biome composition at the phylum, class, order, family, and genus levels in CAD patients
compared to a group of healthy subjects (Figures 1 and 2). At the phylum level, the most
striking difference was Bacteroidetes depletion in CAD patients compared to HC (p = 0L.01).
In addition, upward trends in Firmicutes, Proteobacteria, and Actinobacteria were observed in
the CAD group compared to HC, although they were statistically insignificant (Figure 1).
Gammaproteobacteria also trended upward in the CAD group at the class level compared
to the HC group. Order-level microbiome analysis confirmed a significant reduction in
Bacteroidales (p = 0.03), a significant increase in Corfobacteriales (p = 0.04), and an upward
trend in Enterobacteriales in CAD patients to healthy subjects. The analysis at the family
level indicated Rickenellaceae, Tannerelaceae, Prevotellaceae depletion, and Ruminococcaceae
over-representation in CAD patients compared to the HC group. However, the differences
were statistically insignificant, most probably due to the small size of the study. At the
genus level, a significant depletion of Alistipes of the Rickenellaceae family was recorded in
CAD compared to HC (p = 0.01) (Figure 2).

Three enterotypes have been distinguished in the human gut microbiome based on
the abundance of key bacterial genera, i.e., high in Bacteroides enterotype I, high in Prevotelia
enterotype II, and enterotype Il characterized by a high level of Ruminococcacene [19,2(1]. In
the study, enterotype 1l was under-represented in CAD patients (p < 0.0001) compared to
HC. In contrast, enterotype IIl was over-represented in CAD (p < 0.0001}, confirming the
appreciable differences in the gut micrabiome between CAD patients and healthy subjects
(Figure 3).
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Figure 1. Community abundance (%) in gut microbiome of CAD patients and healthy controls {(HC)
at the phylum level. The asterisk indicates a statistically significant difference (p < 0.05) between
CAD and HC groups.
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Figure 2. The most notable differences at the phylum, class, order, family and genus levels in the
gut microbiome of CAD patients compared to healthy controls. The asterisks above bars indicate
statistically significant differences (p < 0.05) between CAD and HC groups.
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Figure 3. Enterotypes (%) distribution in CAD and HC groups. Enterotype |—Bacteroides prevalence;
enterotype Il—prevotella prevalence, and enterotype III Ruminococcus prevalence.

Further research focused on the association of gut dysbiosis in CAD patients with
leakage of bacterial metabolites into the blood. The increasing trend in the number of
Gammaproteobacteria in the CAD group has suggested that endotoxemia may directly play
a role in atherogenesis, either in the induction of inflammation negatively affecting the
vascular endothelium. An increase in Gram-negative bacterial species may affect intestinal
epithelium tight junctions leading to increased intestinal permeability and LPS translocation
from gut to circulation [21]. Over 85 bacterial species express tryptophanase enzyme
degrading dietary tryptophan to indole [22]. Most of them are included within Firmicutes,
Proteobacteria, and Actinobacteria phyla [23]. These phyla showed an upward trend in
patients with CAD in our study. Hence, we assumed that indole synthesis might be
increased in the gut of the CAD patients.

The mean indoxyl level in CAD patients sera (13.3 uM), although twice as high as in
healthy subjects (6.8 uM), did not reach statistical significance (p = 0.41). The most likely
reason was the small size of the population studied. In contrast, the mean LI'S level in CAD
patients’ sera {2800 pg/mL) was much higher than in sera from healthy subjects (p < 0.0001),
confirming gut dysbiosis-induced endotoxemia in patients. The LPS levels in most control
sera were below the LAL assay’s threshold, i.e., 10 pg/mL (Table 1). Further, the direct
and indirect impact of LP’S and indoxyl at concentrations detected in patients sera on the
thrombogenicity of endothelial cells was examined. The direct effect of both metabolites on
HUVECs was investigated by applying LPS and indoxyl to cultured HUVECs. The indirect
effect was analyzed with CM25 from MDMs stimulated with appropriate concentrations
of LPS and indoxyl. Neither CM25 medium nor LPS and indoxyl or their combinations
affected HUVECs viability (Figure 4a). Both metabolites at concentrations studied did not
affect MDM viability except the highest ones used in the study (Figure 4b). The LPS at

30 ng/mL combined with indoxyl at 130 uM decreased MDM viability by >10% (p = 0.04).

The morphology of HUVECs treated with LPS was unchanged compared to untreated cells
(Figure 5a). In turn, HUVECs treated with CM25 appeared more elongated with distinct
actin filaments (Figure 5b).

Increased reactive oxygen species (ROS) production in endothelial cells is a hallmark
of cardiovascular diseases and endothelial damage [24]. The study investigated whether

low indoxyl and LPS concentrations present in patients sera could induce ROS in HUVECs.

The results showed that LPS either at low and high concentrations (3 ng/mL and 30 ng/mL)
increased ROS production in HUVECs of 160-fold (p < 0.00001) and >200-fold (p < 0.00001}),
respectively, compared to untreated cells. Indoxyl at both concentrations (13 uM and
130 uM) further enhanced ROS production induced by LPS, i.c., by »240-fold (p < 0.00001}
and =260-fold (p = 0.00001), respectively. However, indoxyl alone at both concentrations
13 uM and 15 130 uM induced similar ROS levels in HUVECs (p = 0.25) (Figure 6).
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BHUVECs directly treated with LPS and/or IS
O HUVECS treated with CM25-LPS and/or CM25-1S

Figure 4. HUVECs and monocyte-derived macrophages (MDM) viability after stimulation with LPS
and indoxyl sulfate (1S). (a) HUVECs and (b) MDM viability was assessed after 18 h with MTT. Data
are means + SEM of three independent experiments performed in triplicate. The asterisk above the
bar indicates a statistically significant difference (p < 0.05).

Q

a) b)

Figure 5. HUVECs morphology after stimulation with LPS and indoxyl. HUVECs were treated
with LPS and IS or their combinations (a) or with conditioned medium from MDM (b) for 18 h.
Fluorescence images present cells treated with LPS at 3 ng/mL and 30 ng/mL (Panels A,B); cells
treated with indoxyl at 13 uM and 130 uM (Panels C,D); cells treated with LPS 3 ng/mL + 1513 uM
and LPS30 ng/mL + IS 130 uM (Panels E,F); and untreated cells (Panels G). Cells were stained with
phalloidin-FITC and DAPI to visualize the cell's actin filaments and nuclei, respectively.
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Figure 6. Reactive oxygen species (ROS) production. (a) HUVECs were treated for 5 h with LPS or
IS or combined metabolites at appropriate concentrations. ROS was evaluated in HUVECs using a
permeable probe H2DCF-DA compared to untreated cells (NC) as a negative control. Fluorescence
intensity was read spectrophotometrically at Ex/EM = 488/525 nm. Data are presented as means
+ SEM from three independent assays performed in triplicate. The asterisks above bars indicate
statistically significant differences between negative control and metabolites examined. (b) ROS
production was visualized in a fluorescent microscope. The image shows HUVECs treated with
metabolites at the following concentrations: LPS 3 ng/mL and 30 ng/mL (panels A,B); IS 13 uM and
130 uM (panels C,D); LPS 3 ng/mL + IS 13 uM and LPS 30 ng/mL + IS 130 uM (panels E,F); and
negative control (panel G).

Endothelial dysfunction induced by bacterial toxins and cytokines results in leukocyte-
endothelial interactions and procoagulant activities, ultimately leading to thrombosis and
atherosclerosis [25]. To determine whether LPS and indoxyl at concentrations detected in
patients sera could affect ECs thrombogenicity, E-selectin and MCP-1 levels, and monocyte
adherence to HUVECs was assessed. The results demonstrated that LPS at both concen-
trations induced similar low E-selectin levels in HUVECs although significantly higher
(p > 0.05) than that determined in the negative control. On the contrary, IS induced higher
E-selectin levels, i.e., 2.2-fold higher levels at a concentration 13 pM than LPS 3 ng/mL
(p = 0.00001) and 1.7-fold higher levels at a concentration 130 pM than LPS 30 ng/mL
(p = 0.00001). Both combined metabolites at low and 10-times higher concentrations (LPS
3ng/mL + IS 13 uM and LPS 30 ng/mL + IS 130 pM) induced similar E-selectin levels
(7 =0.08 and p = 0.22, respectively). These results suggested that indoxyl alone enhances
E-selectin in HUVEC to a higher degree than LPS or its combination with IS.

In contrast, CM25 exerted a much more significant effect on E-selectin levels in HU-
VECs, indicating that cytokines released by MDM stimulated with LPS and IS had a more
pronounced impact on the endothelial expression of E-selectin (Figure 7a).

MCP-1 levels in CM25 used for HUVECs stimulation were significantly lower than in
the culture media from HUVECs treated directly with LPS or indirectly stimulated with
CM25 (p < 0.05) (Figure 7b). MDM treated for 18 h with indoxyl at 13 uM and 130 uM
released significantly lower MCP-1 levels than cells treated with LPS (p < 0.05). Both
metabolites combined at low concentrations (3 ng/mL LPS and 13 uM IS) induced higher
MCP-1 levels than a combination of LPS and indoxyl at higher concentrations (30 ng/mL
LPS and 130 uM IS) (p < 0.05). These results pointed out that indoxyl in a concentration-
dependent manner inhibited MCP-1 secretion by MDM. Significantly higher MCP-1 levels
in culture media from HUVECs directly stimulated with LPS and indoxyl than the levels
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in CM25 from MDM (p < 0.05) signify de novo production of the chemokine by HUVECs
in response to bacterial metabolites. Furthermore, MCP-1 levels secreted by HUVECs
were not affected by the concentration of LIS and indoxyl. At low and 10-times higher
concentrations, both metabolites induced the secretion of comparable MCP-1 levels, ca.
16 ng/mL (p > 0.05}, although significantly higher than that released by untreated cells
(p < 0.05). These results indicated that endothelial cells produced and secreted MCP-1 upon
stimulation with LPS and IS.

SHUVECs directly treated with LPS andfor IS
OHUVECs treated with CM25-LPS andior CM23-15
WCM25 MDM

pi— b)

MCP-1 (ng/ml)

Figure 7. E-selectin and MCP-1 production in HUVECs stimulated with LPS and indoxyl. (a) E-
selectin levels in HUVECs treated directly (blue bars) with LPS and IS or both metabolites and
indirectly (green bars) with CM25-LPS/CM25-15 at appropriate concentrations. The asterisks above
bars indicate the statistical differences in E-selectin levels between HUVECs stimulated directly
with LPS/15 or indirectly with CM25. E-selectin was evaluated in HUVECs stimulated with LS
or IS or both bacterial metabolites for 18 h with FITC-conjugated mouse monoclonal anti-human
E-selectin antibody. Data are presented as means -+ SEM from two independent assays performed in
quadruplicate. (b) MPC-1 levels in CM25 fraom MDM (black bars) and a culture media from HUVECs
stimulated for 18 h with CM25 (green bars) or with LP5/15S (blue bars). The asterisks above black
bars represent statistically significant differences between MCP-1 levels in CM25 and a culture media
from HUVECs stimulated with LPS and 1S for 18 h. The asterisks above white and grey bars indicate
differences between MCP-1 levels in a culture media from HUVECs stimulated with CM25 and
LPS/15. MCP-1 was evaluated using the MCP-1 Human ELISA kit. Data are the means 4+ SEM from
two independent assays performed in duplicate.

Direct and indirect HUVECs treatment with LPS and indoxyl significantly augmented
monocyte adhesion to endothelial cells compared to untreated cells (Figure 8). However,
indoxyl at both concentrations reduced monocyte adherence to HUVECs compared to
LPS at concentrations 3 ng/mL and 30 ng/mL (0.7-fold decrease for IS at 13 uM; p = 0.002
and 1.7-fold decrease for IS at 130 uM; p = 0.00001, respectively). Indoxyl at 13 pM
combined with LPS 3 ng/mL increased monocyte adherence to HUVECs (p = 0.04), but
when combined at 130 pM with LP5 30 ng/mL had no significant effect on THP-1 adherence
comparing to LP5 30 ng/mL alone (p = 0.85). CM25 had a more pronounced effect on
monocyte adhesion, indicating that the cytokines released by MDM stimulated with both
metabolites enhanced monocyte adherence {o endothelial cells. CM25-1S 13 uM reduced
monocyte adherence to endothelial cells of 4.3-fold compared to LPS 3 ng/mlL (p = 0.00001}
whereas at 130 uM IS of 6.1-fold compared to LPS 30 ng/mL (p = 0.00001). Combination of
low IS and LPS concentrations (LPS 3 ng/mL + 1513 uM) increased monocyte adherence
to HUVECs of 0.7-fold (p = 0.003) compared to LPS 3 ng/mL alone, but combination LPS
30 ng/mL + IS 130 uM had no impact on the adherence of THP-1 (p = 0.069) comparing to
LPS at 30 ng/mL. These results suggested that IS, depending on the concentration when
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combined with LPS, enhances or reduces monocyte adherence to endothelial cells. Indoxyl
combined with LPS at 3 ng/mL enhanced monocyte adherence, but combined with LPS at
30 ng/mL reduced adherence.

BHUVECs directly treated with LPS and/or 1S
a) OHUVECSs treated with CM25-LPS and/or CM25-1S

800

THP-1 count

Figure 8. Monocyte adherence to HUVECs stimulated with LPS and indoxyl. (a) Quantitative THP-1
adherence to HUVECs treated directly (blue bars) with LPS/IS or indirectly (green bars) with CM25-
LPS/CM25-1S at appropriate concentrations. The asterisks above bars indicate statistically significant
differences between HUVECs treated directly and indirectly. The asterisks above white and grey
bars indicate statistically significant differences between results for directly and indirectly treated
cells. THP-1 cells stained with calcein-AM were incubated with HUVECs for 4 h and counted in a
fluorescent microscope after washing out. (b) Fluorescence images of calcein-AM-stained monocytes
adhering to HUVECs present HUVECs pretreated with LPS at 3 ng/mL and 30 ng/mL (panels A,B);
cells treated with indoxyl at 13 uM and 130 uM (Panels C,D); cells treated with LPS 3 ng/mL + IS
13 uM and LPS30 ng/mL + 1S 130 uM (Panels E,F); and untreated cells (NC).

4. Discussion

An intact vascular endothelium displays an antithrombotic surface, preventing throm-
bosis and governing homeostasis. Endothelial dysfunction triggers a cascade of reactions
shifting endothelial surface from antithrombotic to prothrombotic. As a result, endothelial
activation promotes thrombus formation with two opposite implications for the host. First,
the clot is digested and homeostasis restored; second, the thrombosis cascade progresses to
CAD [26].
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The gut microbiota plays a vital role in atherosclerosis, heart failure, diabetes, and
obesity, acting as an independent risk factor [19]. A Western diet providing an excess of
amino acids and proteins promotes the growth of proteolytic bacteria producing indole
processed in the liver to indoxyl sulfate. Moreover, proteolytic gut microbiota metabolism
favors gut dysbiosis [27]. Gut dysbiosis accompanies obesity. In the study, most CAD
patients had a BMI close to 30, indicating obesity or at least prominent overweight. The
gut microbiota of obese individuals contains a reduced proportion of Bacteroidetes and
increased levels of Firmicites [21], which was also confirmed in our study. Obesity leads
to the dysregulation of the endocannabinoid tone system regulating gut permeability and
plasma LPS levels. Muccini et al. [28] demonstrated that LPS acts as a master switch to
control adipose tissue metabolism in vivo and ex vivo by blocking cannabinoid-driven
adipogenesis. Obesity is associated with adipose tissue expansion and metabolic-associated
fatty liver disease (MAFLD), characterized by a reduced ability of the liver to detoxify the
blood from potentially toxic bacterial metabolites, i.e., LPS, leaking from the gut into the
circulation [29]. This implies that obesity-associated gut dysbiosis leads to a cascade of
reactions that promote atherosclerosis development and /or progression.

The altered gut microbiota composition was confirmed in a metagenome study of
patients with atherosclerosis and healthy individuals, strongly suggesting a correlation
between CAD and dysbiosis [30-32].

Three enterotypes have been distinguished in gut microbiota based on key bacterial
genera. The enterotypes are not related to age, weight, sex, or race but mostly depend on the
long-term diet, allowing for better analysis of differences in the gut microbiome [19,20,33].
Enterotype T or Bacteroides enterotype is strongly associated with a Western diet rich in
saturated fats and animal proteins. The Bacteroides enterotype comprises bacterial species
that produce enzymes specialized in the degradation of animal proteins and characterizes
increased saccharolytic and proteclytic capacity. Hence, the Bacteroides enterotype is more
prevalent in industrialized countries.

In contrast, enterotype II or Prevelella enterotype is associated with bacteria producing
hydrolases degrading plant fibers and of low lipophilic and proteolytic capacity. The Pre-
votella enterotype predominates in developing countries, in societies on agrarian diet [34,35].
The enterotype Il or Ruminococcus enterotype, similarly to the Bacteroides enterotype, has
been associated with protein- and fat-rich diet [36].

In the study Prevofella enterotype was under-represented, whereas Ruminococcus en-
terotype was over-represented in CAD patients compared to healthy subjects, supporting
results of other studies [20,30,37,35].

The most striking difference in the gut microbiome composition was the significant
depletion of Bacteroidetes in the CAD cohort, supporting previous observations [2,19,37].
Bacteroidetes play a pivotal role in maintaining a healthy gut ecosystem, stimulating immu-
nity, providing short-chain fatty acids (SCFA), and facilitating the digestion of macronu-
trients [3Y]. Bacteroidetes depletion can result from a high-fat diet which changes the gut
microbial profile and reduce its diversity. The depletion of Bacteroidetes combined with
increased Firmicutes elevates circulating LPS levels leading to endotoxemia. Thus, Bac-
feraidetes may have the potential to regulate atherosclerosis progression [30]. Moreover,
lipid A of LPS from Bacleroides is an antagonist of immune stimulation and inflamma-
tory cytokine response [31,40]. Furthermore, the study demonstrated an increase in the
prominent bacterial families producing indole, i.e., Enterobacteriaceae, Clostridiaceae, and
Verruconticrobiace in CAD patients, which although statistically insignificant, was correlated
with an increased indoxyl level which was twice as high as in healthy subjects.

Even though not reported in other studies, the prevalence of Coriobacteriaceae observed
in the CAD cohort could play a role in the pathogenesis of atherosclerosis. In the ani-
mal model, the abundance of Coriobacterium correlated with higher cholesterol absorption
from the gut [41]. At the genus level, in the CAD group, a marked decrease in Alistipes
belonging to the family Rikenellacene of Bacteroidetes was observed, supporting previous
findings [41-43]. The Alistipes genus comprises species found primarily in the gut of
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healthy humans and is a potent SCEA producer essential for maintaining balanced gut mi-
crobiota [41]. According to various studies, Alistipes play a protective role in cardiovascular
diseases [32,42,43].

However, the gut microbiome analysis in our study could be biased by the different
abundance of both sexes in the CAD and HC groups. According to Kim etal. [44], sex is
one of the critical variables affecting the gut microbiota. However, the hormone production
declining with age seems to be less critical in the elderly. Moreover, in a well-designed
study of a large Nederland cohort, sex explained only 0.5% of the total variation in the
gut microbiota after correction of all confounding factors like diet, body mass index, and
others [45]. Altogether, the results of studies concerning the differences in microbial taxa
between the sexes are inconsistent. According to Ragonnaud et al. [46], some bacterial taxa,
including Bacteroides, Prevotella, and Ruminococcaceae, do not correlate with sex, body mass
index, and age. Hence, the diet seems to be a crucial factor shaping gut microbiota [44,45].
Considering that gut dysbiosis underlies the leakage of some bacterial metabolites into
circulation, in the study, we analyzed levels of the endotoxin and indoxyl sulfate, a co-
metabolite of indole in CAD patients sera, and the in vitro effects of these metabolites on
vascular endothelium. The results showed that LPS and indoxyl combined at levels detected
in CAD patients sera induced oxidative stress in cultured endothelial cells. Loffredo
et al. [47] showed that LPS at a similar low concentration (3 ng/mL) induced oxidative
stress in patients with peripheral arterial disease supporting our findings. Moreover,
they found the correlation between LPS and zonulin of tight junctions, suggesting gut
permeability as a trigger for LPS translocation. In turn, Lee et al. [48] demonstrated that
indoxyl at low concentrations (50 pg/mL) induced significant ROS production im HUVECs.
On the other hand, Dou et al. [49] demonstrated that indoxyl at concentrations from
25 pug/mL to 50 pg/mL increased ROS production in HUVECs only insignificantly, which
contradicts our results. However, these discrepancies may have been due to methodological
variations, e.g., different endothelial cell lines or different culture media.

Oxidative stress is a potent risk factor for atherogenesis. Pathological endothelial acti-
vation results in the secretion of factors attracting monocytes and induces the expression of
monocyte-binding adhesion molecules [50]. E-selectin plays an essential role in priming
and amplifying the innate immune response of endothelial cells, leukocyte rolling, and
adhesion [51]. LPS directly increases the expression of E-selectin and integrin counterpart
receptors in ECs [6]. In the study, LPS and indoxyl applied directly and indirectly in
conditioned medium to endothelial cells increased E-selectin levels reaffirming earlier find-
ings [52]. Higher E-selectin levels induced by CM25 in HUVECs indicated that cytokines
and other factors released by MDM upon treatment with LPS and IS enhance the effects
of these metabolites on E-selectin expression by endothelial cells. These results implied
that inflammation increases endothelial thrombogenicity induced by bacterial metabolites
leaking from the gut.

MCP-1 is a significant chemokine recruiting monocyte/macrophage to the injured
vascular endothelial cells. LPS activates endothelial cells and monocyte/macrophage to
secrete proinflammatory cytokines, ie., [L-6 and IL-8, and MCP-1 among them [53,54]. In
the study, LIPS and indoxy| sulfate combined induced synthesis de novo and secretion of
MCP-1 in HUVECs. On the contrary, indoxyl alone in a concentration-dependent manner
inhibited MCP-1 secretion by macrophages but not by endothelial cells, which corroborates
results from other studies. Ferreira et al. [55] demonstrated that indoxyl at a 53 ug/mL
concentration decreased MCP-1 production by monocytes. In contrast, according to Tumur
et al. [56], indoxyl increased MCP-1 expression in HUVECs but only at a concentration
=500 uM. Despite methodological differences in the studies, these contradictory results
point out the necessity for further study of the impact of indoxyl on MCF-1 production in
endothelial cells.

Considering the deleterious effect of LPS and indoxyl on ROS5 production, MCP-1,
and E-selectin levels in endothelial cells demonstrated in the study, the infuence of both
metabolites on monocyte adherence was further examined. Four hours of exposure of
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endothelial cells to LPS or CM25 significantly increased monocyte adhesion. However, this
effect diminished when HUVECs were stimulated with indoxyl or the combination of LPS
and indoxyl at higher concentrations. According to [to etal. [57], indoxyl at concentrations
below 25 uM generated insignificant adherence of THP-1 to HUVECs. However, the
adherence of monocytes increased in the presence of tumor necrosis factor-oe (TNF-x),
which agrees with our results. In the study, conditioned medium containing cytokines
released by MDM stimulated with LTS and indoxyl enhanced monocyte adhesion to
HUVECS compared to these metabolites directly applied to endothelial cells. Altogether,
these data suggest a cytokine- and exposure-time-dependent effect of indoxyl on monocyte
adhesion to vascular endothelium.

It has long been known that LPS and indoxyl induce inflammation [58,59]. However,
findings to date refer to high or even very high LPS and indoxyl concentrations accompany-
ing sepsis or CKD, which rarely relate to the actual blood levels of both metabolites in CAD
patients without kidney failure. Similarly, studies of indoxyl toxicity to endothelium are
based on high concentrations of the metabolite detected in CKD patients sera. For the first
time, the study attempted to evaluate the effects of a combination of low concentrations of
endotoxin and indoxyl on vascular endothelium. The results obtained strongly suggest
that both these metabolites, even in meager concentrations, exert a deleterious effect on
endothelial cells’ thrombogenicity. A significant limitation of the study is the small study
cohort associated with strict recruitment criteria excluding patients with various chronic
diseases often associated with CAD.

Nonetheless, the study indicated that bacterial metabolites leaking from the gut
adversely affect vascular endothelium, promoting the development or progression of CAD.
Moreover, the study demonstrated the co-toxicity of bacterial metabolites entering blood
during gut dyshiosis and the impact of cytokines released by monocytes upon stimulation
with endotoxin and indoxyl on the enhanced detrimental effect of these metabolites on the
endothelium. Although the study hardly reflects the scenario in vivo, the results provide
new insights into the role of gut dysbiosis in atherogenesis and the necessity for further
study of the co-toxicity of bacterial metabolites, primarily upon inflammation.

5. Conclusions

165 rRNA sequencing analysis revealed gut dysbiosis in CAD patients that was further
confirmed by elevated levels of bacterial metabolites, i.e., LPS and indoxyl sulfate in patients
sera. Both metabolites demonstrated co-toxicity in meager concentrations to endothelial
cells inducing ROS, E-selectin, and MCP-1 production and promoting thrombogenicity of
endothelial cells confirmed by monocyte adherence.
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LI ST RO P R

Abstract: In recent years, the importance of the gut microbiome in human health and disease has
increased. Growing evidence suggests that gut dysbiosis might be a crucial risk factor for coronary
artery disease (CAD). Therefore, we conducted a systematic review and meta-analysis to determine
whether or not CAILD is associated with specific changes in the gut microbiome. The V3-V4 regions of
the 165 rDNA from fecal samples were analyzed to compare the gut microbiome composition between
CAD patients and controls. Our search yielded 1181 articles, of which 21 met inclusion criteria for
systernatic review and 7 for meta-analysis. The alpha-diversity, including observed OTUs, Shannon
and Simpson indices, was significantly decreased in CAD, indicating the reduced richness of the gut
microbiome. The most consistent results in a systematic review and meta-analysis pointed out the
reduced abundance of Bactervidetes and Lachnospiraceae in CAD patients. Moreover, Enterobacteriaceae,
Lactobacillus, and Skreptococcus taxa demonstrated an increased trend in CAD patients. The alterations
in the gut microbiota composition are associated with qualitative and quantitative changes in bacterial
metabolites, many of which have pro-atherogenic effects on endothelial cells, increasing the risk of
developing and progressing CAD.

Keywords: coronary artery disease; atherosclerosis; gut microbiome; dysbiosis; SCEA; LPS

1. Introduction

Various studies on coronary atherosclerosis have revealed that chronic vascular in-
flammation, which begins with a coronary endothelial injury, is an essential process in
the development of coronary artery disease (CAD) [1]. Despite advances in various drug
therapies and interventions, CAD remains one of the most common causes of death world-
wide [2]. In recent years, data from rigorous preclinical studies and epidemiological studies
linking changes in the gut microbiome to vascular endothelial dysfunction and vascular
inflammation have accumulated [3].

The gut microbiome comprises over 2000 species, most of which fall into the four
main phyla: Bactervidetes, Firnticutes, Proteobacteria, and Actinobacterin [4]. A diverse,
well-balanced gut microbiota is crucial to human health. Gut microbiota consisting
of a 100,000,000,000,000 microbes living in a symbiotic host relationship regulate host

https: / fwww.mdpi.com/journal fmetabolites
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metabolism, insulin sensitivity, intestinal endocrine, and neurological function. Gut bacte-
ria produce neurotransmitters, influence the maturation and training of the host immune
system, neutralize exogenous toxins, and protect against overgrowth pathogens [5-7]. Ac-
tive microbial metabolites, such as short-chain fatty acids, vita-mins, autoinducers, indole
derivates, bile acid metabolites, microbial amino acids, and polyamines, directly regulate
human physiology [5].

Disruption of the diversity and abundance of the gut microbiota, termed gut dysbiosis,
underlies many diseases, including metabolic syndrome associated with obesity and dia-
betes. Gut dysbiosis underlies inflammatory bowel disease (IBD), irritable bowel disease
(IBS), colon cancer, asthma, autism, Parkinson’s disease, Alzheimer’s disease, schizophre-
nia, depression and cardiovascular diseases [5,9-12]. An imbalance in the abundance of
specific bacterial taxa in the gut microbiota correlates with a deficiency or excess of bacterial
metabolites that fundamentally affect the physiological status of the host cells, including en-
dothelial cells. To exemplify, specific tryptophan-derived gut microbiota metabolites, such
as indole metabolites and butyrate, serve as regulators of the intestinal barrier, increasing
the expression of tight junction proteins that ensure the tightness of the epithelial bar-
rier [13-15]. Hence, the depletion of butyrate-producing bacterial taxa, e.g., Lachnospiracene,
may compromise intestinal barrier integrity and leakage of bacterial metabolites into the
bloodstream [16]. One of the most critical consequences of intestinal barrier dysfunction in
gut dysbiosis is endotoxemia and the activation of immune processes leading to chronic
subacute inflammation [17,18]. Apart from immune cells, low-grade endotoxemia affects
endothelial cells, contributing to the initiation and progression of atherosclerosis [19,20].
Many studies have shown alterations in the composition and diversity of the gut microbiota
in CAD [21].

Mevertheless, it is still uncertain which bacterial taxa are altered in CAD and whether
these alterations are consistent across different study populations. Studies of gut microbiota
composition are always affected by factors related to the study population, such as age,
diet, chronic diseases, medications, and physical activity [22]. In addition, gut microbiota
studies are complicated by the choice of sequencing methods and bioinformatic pipelines,
which significantly influence the results [23].

A recent study on simulated microbiome datasets highlights the importance of using
consistent analytical pipelines. Nearing et al. [24] have shown that the appropriate tools
for the differential abundance of microbial taxa testing impact the result. Therefore, this
meta-analysis and systematic review aimed to provide an overview of the literature linking
changes in gut microbiota with CAD using consistent analytical tools across all the datasets.

2. Materials and Methods
2.1, Systematic Review

This systematic review is registered in the International Prospective Register of System-
atic Reviews “PROSFERO” ID CRD42020187549. The study was conducted following the
Preferred Reporting Items of Systematic reviews and Meta-Analyses (PRISMA) guidelines.

2.1.1. Search Strategy

A comprehensive literature search was performed. The search terms were “(Human
Microbiomes OR Human Microbiome OR Human Microflora OR Microbial Community
Structure OR Human Flora OR Composition, Microbial Community) AND (atherosclerosis
or atherogenesis or Coronary atherosclerosis or Coronary Artery Disease or Coronary
Atherosclerosis) AND ischemic heart disease NOT Review” for Medline on PubMed. The
search terms were appropriately modified for other databases and are included in the
Supplementary Materials (Supplementary 51). The search strategy was applied to the
following databases: PubMed, Scopus, Web of Science, Embase, CINAHL, and Cochrane.
We used Google Scholar to search for grey literature; the last search was conducted on
14 December 2021, Before proceeding with the selection of eligible studies, all duplicates
were removed.
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2.1.2. Inclusion and Exclusion Criteria

We have included studies that analyzed the differences in the profile of the intestinal
microbiome between patients with CAD (both stable and unstable) and healthy controls.
Only human studies were included, and neither publication status nor language restrictions
were imposed. The primary outcome measure was a comparison of relative abundances of
bacterial phyla, families, and genera of human gut microflora. We excluded papers in which
CAD was diagnosed by clinical symptoms or ECG only, without coronary imaging methods.
Articles in which the control group included subjects with coronary artery disease, or the
study group consisted of cadavers, were also excluded.

2.1.3. Assessment of Eligibility and Data Extraction

After removing the duplicates, two authors (MC and RB) independently screened
obtained studies by titles and abstracts for relevance to the topic of our systematic review.
The studies obtained by screening were read in full text, and eligibility was determined
based on inclusion and exclusion criteria. The records that did not fulfill the criteria were
removed without using automatic tools. Discrepancies were discussed, and a third author
(KL) arbitrated if disagreement was not resolved. We have included peer-reviewed papers
and those still awaiting review (grey literature). The eligibility assessment of studies is
summarized in Figure 1. The study quality was assessed using a modified Newcastle
Ottawa Scale (Supplementary).

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other

sources

| Identifcation of studies via databases and registers

| identication o studies via other methods |

Studies Included in review
(n=21)

Reponts of included studies
(n=21)

Records identified from
Data (n=1105) Recordls removed before
«  PubMed (n=431) Screenmg: Records identified from:
«  Scopus (n=94) Duplicate records Websites (n =8 )
¢ Web Of Science (n=231) removed (n =284 ) Organisations (n =1 )
s Ebetiri) Records marked as Citation searching (n = 3)
o CRAHL (n=169) ineligible by automation
Registers (0 =06 tools (n =0 )
*  Cochrane (n=45)
«  Clinical Trials (n=21) Records removed for
\ other reasons (n =0 )
" . :
Records screened Records excluded Reports sought for retrieval
(n =887 ) (n=865) (n=10)
Reports sought for retrieval Reports not retrieved Reports assessed for eligibility
(n=22) (n=0) (n=9)
i l Reports excluded
No comparison with
Reports assessed for eligibility healthy control (n = 3)
(n=12) Lack of indirect results
(n=3)
Study subjects were
cadavers (n=1)
Meta-analysis of two
other articles (n=1)
— The article does not
meet the Inclusion
criteria (n=2)

A

Figure 1. Flowchart of literature search according to Preferred Reporting Items for Systematic

Reviews and Meta-Analyses guidelines.
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2.2, Meta-Analysis

The meta-analytical pipeline has been run using Snakemake version 6.6.1. [25]. The
characteristics of the studies included in the meta-analysis and systematic review are pro-
vided in Table 1. Only studies that provided raw sequences from 165 rRNA sequencing were
included in the meta-analysis. The results were obtained by analyzing the samples using two
approaches. First, all datasets were analyzed separately, and their results were combined in
the random-effects meta-analysis (single study approach). In the second approach, all the
samples were analyzed as one combined dataset (combined studies approach).

2.2.1. Readings Preparation and zOTU Picking

We have removed primers using cutadapt [26]. Primers used for the single study
approach are provided in the table available in the supplementary. For the combined study
approach, we have used 338F (5'-CTACGGGNGGCWGCAG-3") and 805R (5-GACTACHV
GGGTATCTAATCC-3') primers, except the Mayo dataset where 926R (5'-CCGTCAATTCM
TTTRAGT-3") was used. Sawicka-Smiarowska dataset [27] was excluded from the combined
study approach due to the choice of primers in the study, which did not allow for obtaining
sequences that were globally aligned with other studies. Next, all of the readings were
truncated to 250 bps leaving us with globally trimmed data (e.g., all reads starting and
ending at the same position). Furthermore, reading preparation and zOTU picking have
been performed using usearch v11.0.667 and UNOISE. zOTU refers to correct biological
sequences with a 100% identity threshold [25,29]. The taxonomy was resolved using
DECIPHER IDTAXA [3U] with Genome Taxonomy Database (version 06-R5202) [31] as
a reference. For downstream analyses, the data have been imported into the phyloseq
object [32] and filtered to leave only zOTUs present in at least 20% of the samples and with
at least five counts.

2.2.2. Differential Abundance Testing

Differential abundance (DA) testing was performed using three approaches: (1) DE-
Seq2, which models the data using the negative binomial distribution, (2) MetagenomeSeq,
which uses a zero-inflated Gaussian model, and (3) ANCOM-BC, which uses an offset-
based log-linear model and currently appears to be the best method for controlling the
false-discovery ratio without losing statistical power. Only bacteria detected as statistically
significant metagenomeSeq, Ancom-BC, or DESeq2 in at least three of 7 studies were in-
cluded. A comprehensive discussion of the DA testing approaches is out of the scope of
our manuscript, and we refer the reader to the large body of research already published on
the topic [33]. For all the approaches, we have assumed a significance level of p < 0.05. We
have used the Benjamini and Hochberg method to adjust for multiple testing.

2.2.3. Statistical Analysis

Alpha diversity indices (observed z0TUs, Fischer, Chaol, Shannon, ACE, and Simp-
son indices) were calculated on data rarefied to the depth of 5000. Beta diversity was
assessed using Unweighted UniFrac. The statistical significance was determined using
the Wilcoxon test for the alpha diversity and PERMANOVA with 999 permutations for
the beta diversity. PERMANOVA was run with the vegan R package [34]. The single
study approach calculated relative abundances using the mean difference in centered log
ratios (CLR). The obtained relative abundances were used to estimate odds ratios using
Agresti’s generalized odd ratios [35] as implemented in the genodds package [36]. Next,
odd ratios were summarized in a random-effects meta-analysis performed using the meta
R package [37].

3. Results

QOur search has vielded 1181 articles. After removing the duplicates, 897 unique studies
were identified, out of which 21 met inclusion criteria for systematic review. Among these
21 articles, 7 had raw data available and could be used to conduct a meta-analysis. (Figure 1).
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In the systematic review, the relative abundance of gut microbiota from all 21 eligible papers
were compared. Bacterial taxa detected as significant in at least four studies are included
in Figure 2. In the meta-analysis, only bacteria detected as significant in at least three of
the seven eligible articles were reported. The complete results of the systematic review are
provided in Table 1, and the characteristics of studies included in the meta-analysis are
available in the Supplement.

Decrease Increase
Phylum Proteobacteria

Class Gammaproteobacteria 0000080 6 (286%)
Family Enterobacteriaceae @® 4 (19%)
Genus Escherichia 1(4.8%) o000 4 (19%)
Phylum Bacteroidetes 5(23.8%) [GROXR=1Y ] 1 (4.8%)
Class Bacteroidia 3(14.3%) @ [ ] 1(4.8%)
Order Bacteroidales 5 (23.8%) [0 ] 1(4.8%)
Genus Bacteroides 9(428%) D000000 1(4.8%)
Family Prevotellaceae 2 (9.5%) 2(9.5%)
Genus Prevotella 2(9.5%) 2(9.5%)
Phylum Actinomycetota
Order Coriobacteriales 4 (19%)
Phylum Firmicutes 3 (14.3%) 2 (9.5%)
Class Bacill 2 (9.5%) 2(9.5%)
Order Lactobacillales 2 (9.5%) 4 (19%)
Genus Lactobacillus 1(4.8%) 3(14.3%)
Family Streptococcaceae
Genus Streptococcus 1 (4.8%) 4 (19%)
Class Clostridia
Family Lachnospiraceae 5 (23.8%)
Family Oscillosporaceae
Genus Ruminococceus 1 (4.8%) 3(14.3%)
Family Christensenellaceae 1 (4.8%) 3(4.3%)

Figure 2. The results of a systematic review. The red circles describe the percentage of articles
with increased bacterial relative abundance in CAD patients. Oppositely, green circles describe
the percentage of articles with decreased bacterial relative abundance in CAD patients. One circle
represents one study analyzed.

3.1. Characteristics of Included Studies

Many factors may affect the gut microbiome composition. We compared all eligible
studies by the following: age, gender, BMI, and diabetes mellitus. The complete results are
provided in the Supplement.

The average age of participants was between the sixth and seventh decade of life. In
five articles, differences in age between groups were significant; in 13 other articles were
insignificant, and there were no available data for comparison in three articles.

In the majority of studies, participants were male. In five articles, differences in gender
between groups were significant, ten others were insignificant, and six articles had no
available data for comparison. The BMI of participants generally had values typical for
overweight (BMI = 25-30). In four articles, differences in BMI were significant, in ten the
differences were insignificant, and in seven, there were no available data for comparison.
There were relatively limited data on the prevalence of diabetes in participants. In four
articles, differences in diabetes were significant, in five the differences were insignificant,
and in 12, there were no available data for comparison.

3.2. Systematic Review Results

A comprehensive comparison between CAD patients and controls regarding the rel-
ative abundance at the phylum level demonstrated changes related to four phyla, i.e.,
Protecbacteria, Bacteroideles, Actinomycetota, and Firmicutes. The increase of Gammapro-
teobacteria has been reported in six (28.6%) studies and the rise of the Enterobacteriaceae
family within the Proteobacteria phylum in four (19%) studies in CAD patients. Moreover,

51



Metabolites 2022, 12, 1165

6of 23

four (19%) studies recorded the rise of the Escherichia genus of the Enterobacteriacene family.
Overall, seven (33.3%) articles reported an increased abundance of Gammaproteobacteria
taxa (Figure 2, Table 1).

Bacieroidetes phylum decline in CAD was reported in five (23.8%) studies (Table 1;
Figure 2). On the contrary, one cross-sectional study reported an increased abundance
of Bactereidetes in CAD compared to the control group. Remarkably, at the genus level,
a decrease in the relative abundance of Bacteroides in CAD has been recorded in nine
(42.8%) studies. Overall, a decline in the relative abundance of the Bacteroidetes taxa was
recorded in 16 (76.2%) of all 21 articles analyzed, making the decrease in these taxa strikingly
CAD-related. Furthermore, conflicting results regarding the Prevotellaceae family and
Prevotella genus within the Bactercidales order were associated with CAD, where the
relative abundance of these taxa were decreased in two (9.5%) studies and increased in two
other studies.

The results regarding the Firmicutes phylum were conflicting. In two (9.5%) stud-
ies, the relative abundance of Firmicutes was increased, whereas in three other (14.3%)
decreased in CAD compared to the control group. Within the Firmicutes phylum, there
were conflicting results concerning the Bacilli class. In two (9.5%) studies, the taxon was
increased, whereas in two others decreased in CAD compared to the control group. How-
ever, within the Bacilli taxon, the increased relative abundance of the Lactobacillales order
was associated with CAD patients in four (19%) studies and the Lactobacillus genus in three
(14.3%) studies in contrast to the control group. Moreover, within the Firmicutes phylum,
the decrease in the relative abundance of the Lachnospiraceae family of class Clostridia in
CAD patients versus the control group was demonstrated in five (23.8%) studies. On the
contrary, within the Firmicutes phylum, the Christensenellaceae family abundance was in-
creased in CAD in three (14.3%) studies. The systematic review analysis also demonstrated
the increased relative abundance within the Streptococcaceae family and the Streptococcus
genus among CAD patients in four (19%) studies compared to the control group. These
results indicate a quantitative disturbance within the Firmicutes, mainly concerning an
increase in the abundance of Lacfobacillus and Streptococcus, as well as bacteria from the
Christensenellaceae family, with a concomitant decrease in the abundance of bacteria from
the Lachnospiraceae family.

The less prominent changes in the gut microbiota of CAD patients concerned the Cori-
obacteriales order of the phylum Actinobacteria, which was decreased in four (19%) studies
mn CAD patients. Changes in the abundance of other bacterial groups, i.e., Desulfovibrio,
Parabacteroides, and Fusobacterium in CAD, were recorded in only a few articles (Table 1).

Table 1. Key characteristics of included studies. Legend: RoB—the risk of bias, NOS—Newcastle-
Ottawa Scale, “+" significant difference in diversity, “—" no significant difference in diversity, PCl—
percutaneous coronary intervention, CABG—coronary artery bypass graft, IBD—inflammatory bowel
disease, GIT—gastrointestinal tract, ACS—acute coronary syndrome, UA—unstable angina, SA—
stable angina, CAD—coronary artery disease, Ctrl—control, “A"increased relative abundance in
CAD patients, “¥* decreased relative abundance in CAD patients.
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3.3. Meta-Analysis Results

The gut microbiome profile in CAD patients and controls was compared using 165
rDNA gene sequencing in fecal samples. Although 165 rDNA can deliver the resolution
required for taxonomic classification at species and strain levels, it generally involves
sequencing the entire 165 rRNA gene. Since the study focused only on the V3-V4 region,
the meta-analysis of species or lower taxonomic groups was not performed.

Three of the evaluated alpha-diversity measures were decreased in CAD patients.
These included Shannon (p = 0.00025) and Simpson indices (p < 0.0001), both of which
measure evenness and observed OTUs (p = 0.0015), indicating richness. Other measures
(Chaol, ACE, and Fisher indices) evaluated in this study did not significantly differ be-
tween groups (Figures 3 and 4). All (except Toya et al. [50]) datasets showed significant
differences in beta-diversity (measured with UniFrac) between controls and patients with
CAD. However, PCoA plots (Figure 5) showed notable overlap between patients with CAD
and healthy controls, without a clear boundary between samples.

The meta-analysis combined CAD with three phyla, i.e., Bacleroidetes, Actinobacteria,
and Verrucomicrobiota (Figures 6—f). The relative abundance of Bacteroidetes was decreased,
whereas Actinobacteria and Verrucomicrobiota were increased in CAD compared to the
control group. The Bacteroidetes depletion in CAD was also confirmed at the class, order,
and genus levels (Figure 2) supporting the systematic review results. The Actinobacteria
overrepresentation in CAD was further confirmed by the increased relative abundance of
the order Actinomycetales and the family Bifidobacteriaceae.

Increased Verrucomicrobiota phylum in CAD versus the control group was also
associated with increased Verrucomicrobiales order and Akkermansia genus. However, the
confidence interval for Akkermansia significantly overlapped between the increase and
decrease of abundance, indicating the low reliability of this result (Figure 6).
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Figure 3. Alpha diversity results for individual studies. Asterixis describe statistically significant
results: *-p < 0.05, **-p < 0.01, ***-p < 0.001, ***-p < 0.0001, ns-non-significant; dots denote out-
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Figure 4. Alpha-diversity results for combined dataset. Asterixis describe statistically significant
results: **p < 0.01, **-p < 0.001, ns-non-significant; dots denote outlier values.
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Figure 6. The results of random-cffects meta-analysis for effect sizes based on the mean differences in

centered log ratios. The left side of the graph describes bacteria with increased relative abundance in

CAD, and the right side of the chart represents bacteria with decreased relative abundance in CAD.

The filled dot denotes a statistically significant result of the random-effects meta-analysis.
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Additionally, the meta-analysis showed an increase in Proteobacteria at the level of
Enterobacteriales and Enterobacferinceae family. The alterations within the Firmicutes phy-
lum concerned the Lachnospiraceae family and Enterocloster genus, which were decreased
in CAD versus the control group. Additionally, the reduced abundance of the CAG-81
genus from a class of Clostridia was observed in CAD patients. Overall, the meta-analysis
combined gut microbiota in CAD patients with main bacterial phyla, i.e., Proteobacteria,
Bacteroidetes, Actinobacteria, Firmicutes, and Verrucomicrobiota, at different taxonomic
ranks. The convergent results of systematic review and meta-analysis concerned Enter-
obacterfaceae, Bacteroidetes, and Lachnospiraceae. In contrast with the systematic review, the
meta-analysis showed differences within the Verrucomicrobiota phylum in CAD patients
versus the control group.

4. Discussion

The growing evidence indicates that altered gut microbiota plays a crucial role in
coronary CAD as a risk factor for the disease’s outcome [58]. The gut microbiota in healthy
individuals claims gut homeostasis, imparts resistance to the colonization of new species,
and maintains a symbiotic relationship with the host. On the contrary, the shift in the diver-
sity and abundance of gut microbiota facilitates the overgrowth of potentially pathogenic
bacteria causing inflammatory processes and the evolution of various diseases [59]. An
imbalance in the quantity of specific bacterial taxa in the gut microbiota correlates with
a deficiency or excess of bacterial metabolites that fundamentally affect the physiologi-
cal status of the host cells, including endothelial cells. Depending on the concentration,
bacterial metabolites, e.g., trimethylamine-N-oxide (TMAQ), lipopolysaccharide (LPS),
or indoxyl sulfate, may yield direct toxic effects on the endothelium or indirect toxicity
through their modulatory effects on hormones and biologically active compounds of the
host organism [6(0].

The gut microbiota is dominated by five bacterial phyla, namely Bacteroidetes, Firmi-
cutes, Actinobacteria, Proteobacteria, and Verrucomicrobiota, with Firmicutes and Bac-
teroidetes accounting for more than 90% of the overall gut microbiome [61]. Interestingly,
the most common alterations reported in CAD are related to decreased Bacteroidetes and
increased Firmicutes abundance [52].

The systematic review and meta-analysis performed in the study confirmed a sig-
nificant decrease in the Bacteroidetes taxa in CAD. The decrease of Bacteroidetes in the gut
microbiota carries profound health implications. These Gram-negative obligate anaerobic
bacteria have several beneficial effects on the human body and play an essential role in
maintaining a healthy gut ecosystem [52]. First, Bacteroidetes is involved in the degradation
of non-digestible dietary carbohydrates and host-derived carbohydrates from gastrointesti-
nal tract secretions yielding butyrate and acetate, which can lower serum lipid levels by
blocking cholesterol synthesis [62,63]. Moreover, the Bacteroidetes taxa esterify absorbable
cholesterol to coprostanol, a nonabsorbable sterol excreted in feces, thus lowering the
blood level of cholesterol [62]. Notably, the high efficiency of cholesterol to coprostanol
metabolism is suggested to reduce the risk of CAD [64]. Second, the Bacteroidetes capsular
polysaccharide antigen (PSA) is vital in activating the T-cell-dependent immune response
that can affect the development and homeostasis of the host immune system [65,66]. PSA of
Bacternides promates CD4+ T cell differentiation, the balance of Th1 and Th2 populations,
and the differentiation of regulatory T cells (Treg) [67,68]. On an atherosclerotic-prone
mice model, Yoshida et al. [46] demonstrated that mice supplementation with Bacteroides
ameliorated endotoxemia, reduced TLR4 expression and activation, and lowered plasma
levels of pro-atherogenic cytokines such as 1L-2, 1L-4, TL-6, IL-17A, INF-y, and TNF-a.
Third, some Bacteroides species directly impact microbial LPS synthesis in the human
gut, lowering systemic endotoxemia involved in the onset and progression of atheroscle-
rosis. Penta- and tetra-acylated lipids A in LI'S of Bacteroides are structurally distinct
from the hexa-acylated LPS of E. coli and, in contrast with E. coli LPS, elicit reduced TLR4
response. TLR4 expression increases after LPS exposure in a dose-dependent manner, and
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TLR-mediated dendritic cell activation and maturation upregulates the histocompatibility
complex, costimulatory melecules, cytokine production, and T cell activation. The quantity
of Bacteroides tends to be negatively correlated with fecal LPS levels [46,68]. Arumugam
et al. [09] demonstrated a higher incidence of symptomatic atherosclerosis in individuals
with decreased Bacteroides abundance. Hence, reduced Bacteroides in the gut microbiome
seem to be an important factor predisposing to CAD.

The current meta-analysis demonstrated decreased relative abundance of the Lach-
nospiracene family of Firmicutes phylum in CAD versus the control group, which is in
concordance with other studies [50,54]. Lachnospiraceae, similarly to Bacteroidetes taxa,
produce butyrate and reduce cholesterol to coprostanol, lowering blood cholesterol lev-
els [70]. Therefore, the Lachnospiraceae decrease in CAD may amplify the adverse effects
of Bacteroides depletion of the gut microbiota. Toya et al. demonstrated that advanced
CAD patients had a reduced relative abundance of Lachnospiraceae NK4B4 and other Lach-
nospiraceae family members, which may suggest a possibility that butyrate depletion could
lead to an increase in inflammation. Moreover, the meta-analysis demonstrated in CAD
patients decreased Enterocloster genus, comprising re-classified Clostridium species.

According to the systematic review, CAD was associated with an increased abundance
of Enterobacteria, Lactobaciliis, and Coriobacterium taxa. Lactobacillus is a well-known
lactic acid producer with beneficial effects on human health, as demonstrated in several
studies [71,72]. However, none of these studies evaluated current Lactobacillus levels before
supplementation with these probiotics. Hence, there is a possibility that the overgrowth of
specific Lactobacillus strains in gut microbiota may have adverse effects on human health.
According to Ferrarese et al. [73], some probiotic strains such as L.acidophilus, L.ingluviei,
L. fermentum, and L. delbrueckii are linked to a paradoxical significant weight-gain effect
both in animal and human studies. According to Quiepo-Ortuno’s [74] study on an animal
model, leptin and ghrelin, energy metabolism hormones, seem to be regulated by lactic
acid-producing bacteria. Their study demonstrated a positive correlation between the
abundance of Bifidobacterium and Lactabacillus and serum leptin levels and a significant
negative correlation between the number of Clostridium, Bacteroides, and Prevotella and
serum leptin levels.

Leptin is a hormone produced primarily by adipose cells and enterocytes that helps
regulate energy balance by inhibiting hunger, which diminishes fat storage in adipocytes.
However, obesity promotes insulin resistance and increases serum insulin levels, and
high insulin levels increase leptin levels, eventually leading to leptin resistance in the
nervous system and adipose tissue. This causes leptin to not reduce food intake and body
weight in obese individuals [75]. Therefore, an increased abundance of Lactobacillus and
Bifidobacterium and a decreased abundance of Bacteroides taxa in obese individuals may
result in leptin resistance that fuels obesity, a well-known risk factor of CAD. Whether the
increase in Lactobacillus is related to leptin levels in humans needs to be determined.

Moreover, it has been shown that the therapeutic effects of statins are attenuated by
the abundance of Lacfobacillus and Bifidobacterium, which renders these drugs relatively
ineffective in decreasing LDL, confirming the putative role of lactic acid bacteria in leptin
resistance [76]. Puurunen et al. [77] demonstrated that high plasma leptin levels predict
the short-term occurrence of congestive heart failure, cardiac death, and acute coronary
syndrome in patients with CAD independently of established risk factors.

On the contrary, ghrelin is a hormone produced by enteroendocrine cells in the gas-
trointestinal tract that stimulates food intake, fat deposition, and growth hormone release.
Moreowver, ghrelin and its receptor GHS-R1a have a cardioprotective effect on the cardiovas-
cular system via the modulation of sympathetic activity and hypertension, enhancement
of vascular activity and angiogenesis, inhibition of arrhythmias, reduction in heart fail-
ure, and inhibition of cardiac remodeling after myocardial infarction [78]. Interestingly, a
meta-analysis aimed to summarize the available data regarding the circulating levels of
ghrelin in patients with CAD published by Niknam et al. [79] also combined significantly
lower circulating ghrelin levels with CAD. According to Torres-Fuentes et al. [80], lac-
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tate produced by Lactobacillus and Bifidobacterium attenuates ghrelin-mediated signaling
through the GHSR-1a. On an animal model, Queipo-Ortuiio et al. [74] demonstrated that
serum ghrelin levels were negatively correlated with Bifidobacterium and Lactobacillus and
positively correlated with Bacteroides and Prevotella. These data strongly suggest that an
overabundance of lactic acid bacteria in the gut microbiome of patients with CAD may
negatively impact patients’ energy metabolism leading to weight gain and obesity. Notably,
the abundance of Lactobacillis in the gut microbiome is regulated by proatherogenic TMAOQ,
a well-known predictor of cardiovascular disease. Hoyles et al. [81] demonstrated that
TMAQ stimulates the growth of lactic acid bacteria and lactate production. The level of
TMAQ, in turn, depends on the abundance of bacterial taxa producing TMAQ precursor,
i.e., trimethylamine (TMA) from dietary choline, mainly Gamma- and Betaproteobacteria,
and some Firmicutes [82]. Interestingly, TMAO also stimulates the growth of Enterobacteri-
aceae and may account for the increased abundance of Enterobacteriaceae and Lactobacillus
taxa in CAD [81]. Additionally, increased Enterobacteria correlates with increased fecal in-
dole and serum indoxyl sulfate, a cardiotoxic uremic toxin [83]. The increase in the plasma
levels of these uremic toxins is reported to accelerate the development of atherosclerotic
plaque [21]. Moreover, an increased abundance of Gram-negative Enferobacteriaceas taxa
may be an essential source of endotoxin. In gut dysbiosis, the endotoxin leaks into the
circulation, inducing inflammation and accelerating CAD progression [57].

Jie et al. [44] performed a metagenomic shotgun-sequencing on stool samples from
218 patients with atherosclerotic CVDs and 187 healthy controls and identified, apart
from Enterobacterinceae, an increased abundance of Streptococcus spp. in atherosclerotic
cardiovascular disease which is in concordance with the current study. The link between
the gut Streptococcus species with atherosclerosis has been demonstrated in the current
study and is well-established in other studies [44,84,55]. Hashizume-Takizawa et al. [84]
on the hyperlipidemic mouse model demonstrated that atherosclerotic plaque formation
increased significantly in the 5. sanguis-challenged mice compared to the control group.
Maoreover, challenged mice showed increased expression levels of mRNAs of proinflamma-
tory cytokines in the aorta and atherosclerosis-related mediators in the blood. The role of
73 Streptocorcus species in aortic inflammation and atherosclerosis progression has been
confirmed recently by computed tomography-derived coronary artery calcium score in a
large cohort of middle-aged Swedes and validated in a geographically separate case-control
study of symptomatic atherosclerotic disease. The study supported that gut Strepfococcis
spp. were independently associated with endogenous and exogenous atherogenic plasma
metabolites, inflammatory and infection markers, and bacterial homologs in the oral cavity,
which were associated with worse oral health [86].

The Coriobacteriales order, which according to the systematic review, was more abun-
dant in CAD patients than controls, includes pathobionts of human gut microbiota. With
Collinsella as its dominant taxon, these bacteria can affect host metabolism by altering
intestinal cholesterol absorption, decreasing glycogenesis in the liver, and increasing triglyc-
eride synthesis. Karlsson et al. [86], using shotgun sequencing of the gut metagenome,
demonstrated increased Collinsella genus in patients with stenotic atherosclerotic plaques
in the carotid artery. According to a study on an animal model, the presence of Cor-
riobacteriaceae in the mouse gut correlated with decreased hepatic glycogen and glucose
levels, enhanced triglyceride synthesis, and the activity of Cyp3all, a hepatic detoxification
enzyme [87]. Lahti et al. [88] identified a positive correlation between the abundance
of human serum cholesterol and the genus Collinsella. According to biochemical lipid
analysis, the Collinsella genus explicitly correlates with total cholesterol and LDL but not
HDL, supporting data generated in studies on animal models [86,59].

There are several limitations to our study. First, most studies included in our systematic
review were based on 16s rRNA sequencing focused on the V3-V4 regions, which can
barely classify microbiota to the strain level. Specific metabolites of bacterial strains may
exert pronounced effects on gut homeostasis. Hence, accurate characterization of the gut
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microbiota at the species level may be of great importance concerning preventing CAD by
regulating the abundance of bacterial taxa.

Another limitation is the difference in characteristics of the studied populations in
the included studies. Several studies have shown significant differences in age, gender
distribution, BMI, and diabetes mellitus frequency, which are also risk factors for CAD. All
these factors are also associated with changes in the gut microbiome [90-93]. Hence, it can
be hypothesized that these factors, but not CAD itself, cause the microbiome alterations
detected in our study. However, since most of the included studies did not show significant
differences in the frequency of these risk factors, we consider this hypothesis unlikely.

The meta-analysis and systematic review pointed out differences in the gut microbiota
composition in CAD patients compared to healthy controls. One of the most striking
differences was the decrease in the beneficial Bacteroides and Lachnospira combined
with the increase in enterobacteria, Actinobacteria, and Verrucomicrobiota in CAD patients.
These alterations in the gut microbiota composition are associated with quantitative changes
in atherogenic bacterial metabolites, e.g., LPS, TMAO, and uremic toxins, that increase the
risk of developing or progressing CAD.

The gut microbiota composition, however, can be modulated by an appropriate diet.
Therefore, knowledge and understanding of the role of the gut microbiota in CAD pathome-
chanism are crucial in preventing the coronary artery disease and slowing its progression.
Targeting personalized medicine with dietary selection or supplementation with beneficial
bacterial species could help reduce cardiovascular morbidity and mortality. However,
before this can happen, an in-depth understanding of how the gut microflora changes
under the diet and impacts mutual interactions with the host organism is imperative.
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8. PODSUMOWANIE WYNIKOW BADAN

Poréwnanie mikroflory jelit osdb z chorobg niedokrwienng serca i 0s6b zdrowych

wykazato:

Wzrost liczby bakterii z grup Firmicutes i Proteobacteria, czyli przewage
enterotypu I, dominujacego przy diecie bogato-biatkowej i bogato-ttuszczowe;.
Znaczacy spadek liczby bakterii z grupy Bacteroidetes, wskazujacy niedobor
enterotypu II, dominujacego przy diecie agrarnej, tj. opartej na warzywach
i ziarnach.

Znaczacy wzrost liczebnosci bakterii z rzedu Coriobacteriales i Enterobacteriales,
oraz wzrost liczebnosci bakterii z rodziny Ruminococcaceae, a wiec grup
drobnoustrojow tzw. kardiotoksycznych, o ustalonej roli w rozwoju miazdzycy
tetnic.

Znaczacy spadek bakterii z rodzin Tannerellaceae, Rickenellaceae i Prevotellaceae
oraz bakterii z rodzaju Alistipes o korzystnym wptywie na organizm cztowieka,
dzieki produkowanym SCFA.

Wykonane meta-analiza i przeglad statystyczny wskazujg na silng korelacje
miedzy dysbiozg jelita a rozwojem zmian miazdzycowych w tetnicach oséb
z chorobami sercowo-naczyniowymi. U oséb z choroba niedokrwienng serca
obserwowany jest spadek liczebno$ci Bacteroidetes.

Poziom endotoksyny w osoczu chorych byt znaczaco podwyzszony w poréwnaniu
do 0séb zdrowych (cho¢ stezenie LPS u chorych nie przekroczyto 10 ng/ml), co
w polaczeniu z poziomem lipidéw w surowicy chorych, wskazuje na metaboliczng
endotoksemie.

Poziom indoksylu w surowicy badanych chorych, cho¢ byt dwukrotnie wyzszy niz
u 0s6b zdrowych, nie wskazywat na zaburzenia czynno$ci nerek, co byto zgodne
z faktem wykluczenia pacjentéw cierpigcych na schorzenia nerek.

Metabolity bakteryjne w stezeniach zastosowanych w badaniach nie wptywaty na
zywotnos$¢ i proliferacje komorek srédbtonka, ani na ich morfologie.
Bezposrednie i znaczace zwiekszenie stresu oksydacyjnego oraz trombogennosci
komorek Srddblonka wystepowato przy stezeniach endotoksyny i indoksylu
stwierdzonych w surowicy chorych, szczegdlnie po polgczeniu obu metabolitow,

co wskazuje na ich wspottoksycznosc.

70



Badane metabolity ZNnaczaco zwiekszaty stres oksydacyjny
i trombogenno$¢ Srédbtonka takze posrednio, co wskazuje, ze ich obecnos$¢
w krazeniu, nawet w minimalnych stezeniach, aktywuje makrofagi i poteguje ich

toksycznosc.
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9. WNIOSKI

1. Chorobie niedokrwiennej serca towarzyszy dysbioza jelit, ktéra promuje

zmiany trombogenne $rédbtonka naczyniowego.

2. U chorych z choroba niedokrwienng serca znamienny jest spadek liczebno$ci
Bacteroidetes oraz wzrost liczebno$ci Proteobacteria w mikrobiomie jelit.

Zmiany te stanowig czynnik promujacy miazdzyce naczyn krwiono$nych.

3. Bakteryjne metabolity przeciekajace z jelit do krwi w warunkach dysbiozy,
w klinicznie nieistotnych stezeniach, wzajemnie potegujag swoj toksyczny

wptyw na $rédbtonek naczyniowy.
4. Zmiana diety, wptywajac na profil mikrobioty jelit i jej aktywno$¢ metaboliczng

moze stanowi¢ wazny element terapeutyczny w chorobach sercowo-

naczyniowych.
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Assoc Prof. Takumi Toya, MD 02. Mar.2023
Division of Cardiology

National Defense Medical College, Tokorozawa

Saitama, Japan

STATEMENT

I declare that my participation in the article: Choroszy M, Litwinowicz X, Bednarz R, Roleder T, Lerman
A, ToyaT, Kaminski K, Sawicka-Smiarowska E, Niemira M, Sobieszczanska B. Human Gut Microbiota
in Coronary Artery Disecase: A Systematic Review and Meta-Analysis, Metabolites. 2022 Nov
23;12(12):1165 consists of contributing data and providing substantive supervision to the study.

I consent to the use of the above publication in Dr Marcin Choroszy's doctoral dissertation entitled "The
heart-gut axis: the role of intestinal dysbiosis and its metabolites in coronary atherosclerosis.”.

* Signature

el Jep
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Dr inz. Urszula Walczuk Wroctaw 27.02.2023r,
Katedra i Zaklad Mikrobiologii

Uniwersytet Medyczny im. Piastow Slaskich we Wroclawiu

ul. T. Chalubinskiego 4

50-368 Wroclaw

OSWIADCZENIE

Oswiadczam, ze w pracy: Choroszy M, Sobicszczanska B, Litwinowicz K, Laczmanski .. Chmiclarz
M, Walczuk U, Roleder T, Radzicjewska J, Wawrzyriska M. Co-toxicity of Endotoxin and Indoxyl
Sulfate, Gut-Derived Bacterial Metabolites, to Vascular Endothelial Cells in Coronary Arterial Discase
Accompanied by Gut Dysbiosis. Nutrients. 2022 Jan 18;14(3):424 méj udzial polegat na
przeprowadzaniu badan laboratoryjnych.

Wyrazam zgodg na uzycie powyzszej publikacji w rozprawie doktorskiej lek. Marcina Choroszego
pt. ,O$§ scrcejelito: rola dysbiozy jelitowej i jej metabolitow w rozwoju miazdiycy naczyn
wiencowych.”

lista A
adiunki

i, in2. Urszula Walczuk
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Mgr Mateusz Chmiclarz Wroclaw 27.02.2023r.
Katedra i Zaktad Mikrobiologii

Uniwersytet Medyczny im. Piastow Slaskich we Wroctawiu

ul. T. Chatubinskiego 4

50-368 Wroclaw

OSWIADCZENIE

Oswiadczam, Zze w pracy: Choroszy M, Sobieszczanska B, Litwinowicz K, Laczmanski ¥., Chmiclarz
M. Walczuk U, Roleder T, Radzigjewska J, Wawrzyfiska M. Co-toxicity of Endotoxin and Indoxyl
Sulfate, Gut-Derived Bacterial Metabolites, to Vascular Endothelial Cells in Coronary Arterial Discase
Accompanicd by Gut Dysbiosis. Nutrients. 2022 Jan 18;14(3):424 m6j udzial polegal na
przeprowadzaniu badan laboratoryinych.

Wyrazam zgodg na uzycie powyiszej publikacji w rozprawic doktorskiej lek. Marcina Choroszego
pt. 0§ serceqjelito: rola dysbiozy jelitowej i jej metabolitow w rozwoju miazdzycy naczyn
wienicowych.”

Podpis
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Dr hab. Magdalena Wawrzyriska Wroclaw 20,02,2023r.
Centrum Badan Przedklinicznych

Uniwersytet Medyczny im. Piastow Slaskich we Wroclawiu

wyb. Ludwika Pasteura 1

50-367 Wroctaw

OSWIADCZENIE

- Odwiadczam, ze w pracy: Choroszy M, Sobieszczariska B, Litwinowicz K, taczmariski ¢, Chmielarz M,
_Walczuk U, Roleder T, Radziejewska J, Wawrzyniska M. Co-toxicity of Endotoxin and Indoxyl Sulfate,
Gut-Derived Bacterial Metabolites, to Vascular Endothelial Cells in Coronary Arterial Disease
Accompanied by Gut Dysbiosis. Nutrients. 2022 Jan 18;14(3):424 moj udzial polegat na zbieraniu
danych, oraz nadzorze merytorycznym pracy.

Wyrazam zgode na wykorzystanie powyiszej publikacji w rozprawie doktorskiej lek. Marcina
Choroszy

pt. ,0$ serce-jelito: rola dysbiozy jelitowej i jej metabolitow w rozwoju miazdzycy naczyn
wiencowych.”

Podpis

Koo
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Dr n. med. Jadwiga Radziejewska Wroctaw 20.02.2023r,
- Szpital Powiatowy w Kiodzku

ul. Szpitalna 1a
"57-300 Klodzko

OSWIADCZENIE

Oswiadczam, ze w pracy: Choroszy M, Sobieszczariska B, Litwinowicz K, taczmariski £, Chmielarz M,

Walczuk U, Roleder T, Radziejewska J, Wawrzyriska M. Co-toxicity of Endotoxin and Indoxy! Sulfate,

Gut-Derived Bacterial Metabolites, to Vascular Endothelial Cells in Coronary Arterial Disease

Accompanied by Gut Dysbiosis. Nutrients. 2022 Jan 18;14(3):424 moj udziat polegat na analizie

statystycznej i ocenie parametrow badan analitycznych w probkach surowicy badanych oséb chorych
. i zdrowych.

"Wyraiam zgode na wykorzystanie powyzszej publikacji w rozprawie doktorskiej lek. Marcina
Choroszy

pt. ,0s serce-jelito: rola dysbiozy jelitowej i jej metabolitow w rozwoju miazdzycy naczyn
wiericowych.”

2 Podpis
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14. ZALACZNIKI
e ZGODA KOMISJI BIOETYCZNE]

KOMISJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroctawiu

ul. Pasteura 1: 50-367 WROCLAW

OPINIA KOMISJI BIOETYCZNEJ Nr KB — 209/2020

Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroclawiu, powolana
zarzadzeniem Rektora Uniwersytetu Medycznego we Wroctawiu nr 133/XV R/2017 z dnia 21
grudnia 2017 r. oraz dzialajaca w trybie przewidzianym rozporzadzeniem Ministra Zdrowia
i Opieki Spotecznej z dnia 11 maja 1999 r. (Dz.U. nr 47, poz. 480) na podstawie ustawy
o zawodzie lekarza z dnia 5 grudnia 1996 r. (Dz.U. nr 28 z 1997 r. poz. 152 z p6zniejszymi
zmianami ) w skladzie:

prof. dr hab. Jacek Daroszewski (choroby wewngtrzne, endokrynologia, diabetologia)
prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szczgkowa, chirurgia stomatologiczna)

mgr Irena Knabel-Krzyszowska (farmacja)

prof. dr hab. Jerzy Liebhart (choroby wewnetrzne, alergologia)

ks. dr hab. Piotr Mrzygtod, prof. nadzw. (duchowny)

mgr Luiza Miller  (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

prof. dr hab. Leszek Szenborn, (pediatria, choroby zakazne)

Danuta Tarkowska (pielegniarstwo)

prof. dr hab. Anna Wiela-Hojefiska (farmakologia kliniczna)

dr hab. Andrzej Wojnar, prof. nadzw. (histopatologia, dermatologia) przedstawiciel
Dolnoslaskiej Izby Lekarskiej)

dr hab. Jacek Zielinski (filozofia)

pod przewodnictwem
prof. dr hab. Jana Kornafela ( ginekologia i poloznictwo, onkologia)

Przestrzegajgc w dziatalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,
po zapoznaniu sig z projektem badawezym pt.

»Wplyw indykanu na stres oksydacyjny komorek srodbtonka u 0s6b z chorobami sercowo-
naczyniowymi”



zgloszonym przez lek. Marcina Choroszego uczestnika studiéw doktoranckich w Katedrze
i Zakladzie Mikrobiologii Uniwersytetu Medycznego we Wroctawiu oraz zlozonymi wraz
z wnioskiem dokumentami, w tajnym gtosowaniu postanowila wyrazi¢ zgode na
przeprowadzenie badania w Katedrze i Zaktadzie Mikrobiologii Uniwersytetu Medycznego
we Wroclawiu oraz w Oddziale Kardiologicznym Wojewddzkiego Szpitala
Specjalistycznego we Wroclawiu pod nadzorem prof. dr hab. Beaty Sobieszczanskiej pod
warunkiem zachowania anonimowosci uzyskanych danych.

Uwaga: Badanie to zostalo objete ubezpieczeniem odpowiedzialnosci cywilnej Uniwersytetu
Medycznego we Wroclawiu z tytutu prowadzonej dziatalnosci:

Pouczenie: W ciggu 14 dni od otrzymania decyzji wnioskodawcy przyshuguje prawo
odwolania do Komisji Odwotawczej za posrednictwem Komisji Bioetycznej UM we

Wroctawiu

Opinia powyzsza dotyczy: projektu badawczego bedacego podstawa rozpra:vy doktorskiej

’ . Uniwersytet MedycZny we Wroclawiy
Wroctaw, dnia 8 kwietnia 2020 r. KOMISJA BIPBTYCZNA
oz

BY prof. dr hab. Min Kornafel
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KOMISJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroclawiu

ul. Pasteura 1; 50-367 WROCLAW

OPINIA KOMISII BIOETYCZNEJ Nr KB — 191/2021

Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroclawiu, powolana
zarzadzeniem Rektora Uniwersytetu Medycznego we Wroctawiu nr 278/XVI R/2020 z dnia
21 grudnia 2020 r. oraz dzialajgca w trybie przewidzianym rozporzadzeniem Ministra
Zdrowia i Opieki Spotecznej z dnia 11 maja 1999 r. (Dz.U. nr 47, poz. 480) na podstawie
ustawy o zawodzie lekarza z dnia 5 grudnia 1996 r. (Dz.U. nr 514 z 2020 r.) w skladzie:

dr Joanna Birecka (psychiatria)

dr Beata Freier (onkologia)

dr hab. Tomasz Fuchs (ginekologia, poloznictwo)

prof. dr hab. Dariusz Janczak (chirurgia naczyniowa, transplantologia)
dr hab. Krzysztof Kaliszewski (chirurgia endokrynologiczna)

dr prawa Andrzej Malicki (prawo)

dr hab. Marcin Maczynski (farmacja)

Urszula Olechowska (pielggniarstwo)

prof. dr hab. Leszek Szenborn (pediatria, choroby zakazne)

prof. dr hab. Andrzej Szuba (choroby wewnetrzne, angiologia)

ks. prof. Andrzej Tomko (duchowny)

prof. dr hab. Mieszko Wieckiewicz (stomatologia)

dr hab. Andrzej Wojnar, prof. nadzw. (histopatologia, dermatologia) przedstawiciel
Dolno$laskiej Izby Lekarskiej)

dr hab. Jacek Zielinski (filozofia)

pod przewodnictwem
prof. dr hab. Jerzego Rudnickiego (chirurgia, proktologia)

Przestrzegajac w dziatalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,
po zapoznaniu si¢ z projektem badawczym pt.
» The heart-gut axis: role of bacterial metabolites in the atherogenesis™

zgloszonym przez lek. Marcina Choroszy  uczestnika studiéw doktoranckich w
Uniwersytecie Medycznym im. Piastow Slaskich we Wroclawiu oraz zlozonymi wraz z
wnioskiem dokumentami, w tajnym glosowaniu postanowila wyrazi¢é zgod¢ na
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przeprowadzenie badania w Katedrze i Zakladzie Mikrobiologii Uniwersytetu Medycznego
im. Piastéw $laskich we Wroctawiu pod nadzorem prof. dr hab. Malgorzaty Sobieszczanskiej
pod warunkiem zachowania anonimowosci uzyskanych danych.

Uwaga: Badanie to zostalo objgte ubezpieczeniem odpowiedzialnosci cywilnej Uniwersytetu
Medycznego we Wroclawiu z tytulu prowadzonej dziatalnosci.
Pouczenie: W ciagu 14 dni od otrzymania decyzji wnioskodawcy przystuguje prawo

odwolania do Komisji Odwolawczej za posrednictwem Komisji Bioetycznegj UM we
Wroclawiu,

Opinia powyzsza dotyczy projektu badawczego realizowanego poza dziatalnoscig statutows

Opinia jest wazna do dnia 31 grudnia 2022 r.

Przewodniczacy Komisji Bioetycznej
przy Uniwersytecie Medyczaym

Wroctaw, dnia 4 marca 2021r.
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15. WYKAZ ZASTOSOWANYCH SKROTOW

e BSA- surowicza albumina wotowa

e CM- podtoze kondycjonowane

e HUVEC- Ludzkie komorki Srodbtonka zyty pepowinowej
e ICAM-1- czgsteczka adhezyja wewnatrzkomdrkowa-1
e [L- interleukina

e IS- siarczan indoksylu

e LBP- biatko wigzace LPS

e LDL- lipoproteina o niskiej gestosci

e LPS- lipopolisacharyd, endotoksyna

e MCP-1- biatko chemotaktyczne monocytow

e NGS- sekwencjonowanie nowej generacji

e Oxy-LDL- utleniona lipoproteina o niskiej gestosci

e PAMP- wzorce molekularne zwigzane z patogenami

e PDGF- plytkopochodny czynnik wzrostu

e PRR-receptory rozpoznajgce wzorce

e ROS- wolne rodniki tlenowe

e SCFA- kroétkotancuchowe kwasy ttuszczowe

e TLR- receptory toll-podobne

e TMAO- N tlenek trimetyloaminy

e TNF-a- czynnik martwicy nowotworéw alpha

e VCAM-1- czasteczka adhezyjna Sr6dbtonka naczyniowego-1



