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1. Wykaz stosowanych skrétéow

ACR (ang. American College of Rheumatology) - Amerykanskie Kolegium Reumatologiczne
BMI (ang. Body Mass Index) - wskaznik masy ciata

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

DLCO (ang. Diffusing Capacity of the Lungs for Carbon Monoxide) - zdolno$¢ dyfuzyjna ptuc
dla tlenku wegla

ELISA (ang. Enzyme-Linked Immunosorbent Assay) - test immunoenzymatyczny

EULAR (ang. European League Against Rheumatism) - Europejskie Towarzystwo
Reumatologiczne

HPLC-MS (ang. High-Performance Liquid Chromatography - Mass Spectrometry) -
wysokosprawna chromatografia cieczcowa w potgczeniu ze spektrometrig masowa

I-FABP (ang. Intestinal fatty-acid binding protein) — jelitowe biatko wigzgce kwasy ttuszczowe
IL-6 (ang. Interleukin-6) - interleukina 6

ILD (ang. Interstitial Lung Disease) - choroba srédmigzszowa ptuc

IQR (ang. Interquartile Range) - rozstep miedzykwartylowy

LPS (ang. Lipopolysaccharide) - lipopolisacharyd

LVEF (ang. Left Ventricular Ejection Fraction) - frakcja wyrzutowa lewej komory serca
mRSS (ang. modified Rodnan Skin Score) - zmodyfikowana skala oceny zmian skdérnych
Rodnana

NT-proBNP (ang. N-terminal pro-brain natriuretic peptide) - N-koricowy fragment
modzgowego peptydu natriuretycznego typu B

SCTC-DI (ang. Scleroderma Clinical Trials Consortium Damage Index) - wskaznik uszkodzen
Scleroderma Clinical Trials Consortium

TGF-B1 (ang. Transforming Growth Factor-61) - transformujgcy czynnik wzrostu beta 1
TLR-4 (ang. Toll-like receptor 4) - receptor Toll-podobny 4

TMA (ang. trimethylamine) — trimetyloamina

TMAO (ang. trimethylamine N-oxide) - N-tlenek trimetyloaminy

TNF (ang. Tumor Necrosis Factor) - czynnik martwicy nowotworéw



2. Streszczenie

Rola zaburzen bariery jelitowej i metabolitéow bakteryjnych

w twardzinie ukladowej — implikacje kliniczne i terapeutyczne.

2.1. Wprowadzenie

Wptyw mikrobioty jelitowej na homeostaze cztowieka jest obecnie tematem intensywnie
badanym. Dysbioza, czyli zaburzenie w sktadzie mikrobioty jelitowej, jest obserwowana
w wielu chorobach, w tym takze z zakresu dermatologii, miedzy innymi w takich jednostkach
jak tuszczyca, toczen rumieniowaty uktadowy, atopowe zapalenie skéry oraz twardzina
uktadowa. Wptyw dysbiozy na wystepowanie i przebieg choréb dermatologicznych opisuje
koncepcja osi jelito-skéra, wedtug ktérej zmieniona mikrobiota moze wptywac na dermatozy
poprzez uwalniane substancje (metabolity). Efekt ten moze by¢ potegowany poprzez
wystepujace z dysbiozg uszkodzenie bariery jelitowej, ktére przyczynia sie do zwiekszonej
przepuszczalnosci jelit. Sprzyja to translokacji metabolitéw, antygendw oraz fragmentéw
komodrek bakteryjnych do krwioobiegu, co poprzez stymulacje uktadu immunologicznego

moze prowadzi¢ do zaostrzenia objawdéw chordb skory.

Twardzina uktadowa (ang. systemic sclerosis, SSc) jest autoimmunologiczng chorobg tkanki
facznej, czesto o ciezkim przebiegu. Patogeneza choroby nie jest w petni poznana, jednak
uwaza sie, ze kluczowa role odgrywajg w niej zaburzone mechanizmy naprawy tkanki tgcznej
w odpowiedzi na uszkodzenie. Polegajg one na niekontrolowanej produkcji biatek macierzy
pozakomédrkowej, gtéwnie kolagenu typu |, przez chorobowo zmienione fibroblasty
i prowadzg do widknienia skéry i narzadéw wewnetrznych. Zajecie narzagdéw wewnetrznych
przez proces chorobowy powoduje wystgpienie swoistych objawdéw, miedzy innymi
Srodmigzszowej choroby ptuc, nadcisnienia ptucnego, zaburzen motoryki przewodu

pokarmowego oraz niewydolnosci serca z powodu wtdknienia miesnia sercowego.

Zmiany mikrobioty jelitowej w przebiegu twardziny uktadowej charakteryzujg sie
zwiekszonym  wystepowaniem  bakterii zrodzajow  Fusobacterium, Desulfovibrio,
Ruminococcus i Lactobacillus, natomiast zmniejszonym wystepowaniem bakterii z rodzaju

Faecalibacterium. Ponadto bardziej wyrazona dysbioza zostata zaobserwowana u oséb



ze wspoftistniejagcymi objawami — chorobg s$rddmigzszowg ptuc izaburzeniami motoryki

przetyku.

Najnowsze badania przedkliniczne wskazujg, ze zardwno szkodliwe metabolity bakterii
jelitowych, jak isubstancje ulegajgce translokacji wskutek zwiekszonej przepuszczalnosci
jelit, mogg nasila¢ procesy witdknienia uwrazliwiajgc fibroblasty na dziatanie czynnikéw

profibrotycznych.

2.2. Cele pracy

1. Okreslenie potencjalnych nieprawidtowosci w stezeniu metabolitu dysbiotycznej
mikrobioty jelitowej — N-tlenku trimetyloaminy (ang. trimethylamine N-oxide; TMAOQ)
w twardzinie uktadowej oraz potencjalnego zwigzku z wystgpieniem typowych

objawéw narzgdowych choroby.

2. Ocena stanu bariery jelitowej w twardzinie uktadowej i okreslenie zwigzku stezenia
markeréw przepuszczalnosci jelit z aktywnoscig i objawami choroby, w tym
w szczegdlnosci z wystepowaniem Srédmigzszowej choroby ptuc oraz zaburzeniami

motoryki przetyku.

3. Analiza potencjalnych réznic w stezeniu markeréw przepuszczalnosci jelit

u pacjentéw z réznym czasem trwania twardziny uktadowej.

2.3. Materiat i metody

Do badania wtaczono 50 pacjentéw ztwardzing uktadowq, ktérzy spetniali kryteria
klasyfikacyjne ACR/EULAR. Grupe kontrolng stanowito 30 ochotnikéw dopasowanych
pod wzgledem ptci, wieku i wskaznika BMI. Badanie przedmiotowe oraz badania dodatkowe
do oceny stopnia nasilenia zmian narzagdowych przeprowadzono zgodnie z rekomendacjami
Polskiego Towarzystwa Dermatologicznego. Nasilenie stwardnienia skéry oceniano przy
uzyciu zmodyfikowanej skali Rodnana (mRSS). Poziom TMAO w osoczu zostat oznaczony
z uzyciem wysokosprawnej chromatografii cieczowej sprzezonej ze spektrometrem mas
(HPLC-MS). Stezenia wybranych markerdw bariery jelitowej oznaczono w surowicy metoda

testu immunoenzymatycznego (ELISA). Poziom istotnosci statystycznej przyjeto dla p < 0,05.



2.4. Wyniki

U pacjentéw ztwardzing uktadowa w pordwnaniu z grupg kontrolng wykazano istotnie
statystycznie wyisze stezenie N-tlenku trimetyloaminy (TMAO) (283,0 ng/ml (rozstep
miedzykwartylowy [IQR]: 188,5-367,5) vs. 205,5 ng/ml, (IQR 101,0-318,0); p < 0,01).
Stwierdzono istotnie wyzsze stezenie TMAO w podgrupie pacjentéw ze $rédmigzszowg
chorobg ptuc w poréwnaniu do podgrupy bez tego powiktania (302,0 ng/ml (IQR 212,0-
385,5) vs. 204,0 ng/ml (IQR 135,5-292,0); p < 0,01). W podgrupie pacjentow z towarzyszacym
zaburzeniem motoryki przetyku (wykrytym w badaniu kontrastowym przetyku) wykazano
istotnie wyzszy poziom TMAO w poréwnaniu do podgrupy bez zaburzen motoryki
(289,75 ng/ml (IQR 213,75-387,5) vs. 209,5 ng/ml (IQR 141,5-315,0); p = 0,026). Ponadto
stezenie TMAO wykazywato istotng ujemng korelacje ze zdolnoscig dyfuzyjng ptuc dla tlenku
wegla (DLCO), bedacg markerem restrykcji spowodowanej $srédmigzszowa chorobg ptuc
(rho= -0,53; p = 0,013). Dodatkowo wspdtczynnik korelacji Spearmana wykazat istotng
statystycznie ujemna korelacje z badang w echokardiografii frakcja wyrzutowa lewej komory
(LVEF) (rho = -0,39; p < 0,01) oraz istotng statystycznie dodatnig korelacje ze stezeniem
N-koncowego propeptydu natriuretycznego typu B (NT-proBNP) (rho = 0,41; p < 0,001).
Zaobserwowano rowniez istotng statystycznie dodatnig korelacje pomiedzy stezeniem
TMAO i wskaznikiem uszkodzenia narzadéw w przebiegu twardziny (SCTC-DI) (rho = 0,78;
p < 0,001).

Ocena bariery jelitowej wykazata istotnie wyzszy poziom lipopolisacharydéw bakteryjnych
(LPS), bedacych wyktadnikiem translokacji elementéw komdrek bakteryjnych ze swiatta jelita
do krwioobiegu, w surowicy pacjentéw ztwardzing uktadowg w poréwnaniu do oséb
w grupie kontrolnej (232,30 pg/mL (IQR 149,00-347,70) vs. 161,00 pg/mL (IQR 83,92-
252,20); p < 0,05). Podgrupa pacjentdow z krétszym okresem trwania choroby (mniejszym
badz réwnym 6 lat) charakteryzowata sie istotnie wyzszym poziomem lipopolisacharydéw
bakteryjnych i klaudyny-3 w porédwnaniu do podgrupy pacjentéw z dtuzszym okresem
trwania choroby (powyzej 6 lat): LPS: (280,75 pg/mL (IQR 167,30-403,40) vs. 186,00 pg/mL
(IQR 98,12-275,90); p < 0,05); klaudyna-3: (16,99 ng/mL (IQR 12,41-39,59) vs. 13,54 ng/mL
(IQR 10,29-15,47); p < 0,05). Ponadto zaobserwowano, ze w podgrupie z krotszym okresem
trwania choroby pacjenci ze wspdtwystepujgcg Srodmigiszowg chorobg  ptuc

charakteryzowali sie istotnie wyzszym stezeniem LPS w poréwnaniu do pacjentéw bez tego
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powikfania (385,55 pg/mL (IQR 266,90-506,50) vs. 217,75 pg/mL (IQR 157,25-280,75);

p < 0,05). Dodatkowo w grupie pacjentow z twardzing uktadowg wspotwystepowanie

zaburzen motoryki przetyku wigzato sie z istotnie nizszym stezeniem LPS w surowicy

w poréwnaniu do pacjentéw z prawidtowym pasazem przetykowym (188,05 pg/mL

(IQR 102,31-264,40) vs. 283,95 pg/mL (IQR 203,20-356,30); p < 0,05).

2.5. Whnioski

1.

3.

Stezenie  metabolitu  mikrobioty jelitowej —  N-tlenku trimetyloaminy
(ang. trimethylamine N-oxide; TMAQ) w surowicy jest istotnie wyzsze u pacjentéw
z twardzing uktadowg w poréwnaniu do grupy kontrolnej. Wystepowanie niektérych
objawéw choroby, m. in. $rédmigzszowej choroby ptuc oraz zaburzen motoryki

przetyku, wigze sie ze szczegdlnie podwyzszonym stezeniem TMAO.

Metabolity mikrobioty jelitowej mogg by¢ tgcznikiem miedzy dysbiozg jelitowa
i zajeciem narzgddéw w przebiegu twardziny uktadowej. Modulacja metabolitéw
pochodzacych z bakterii jelitowych moze stanowi¢ nowe podejscie terapeutyczne

w leczeniu twardziny uktadowe;j.

Stezenie markera przepuszczalnosci jelitowej - lipopolisacharydow
(ang. lipopolysaccharides; LPS) w surowicy jest istotnie wyisze u pacjentéow
z twardzing uktadowa w pordwnaniu do grupy kontrolnej; podgrupa pacjentow
o krétszym czasie trwania choroby (czas mniejszy lub réwny 6 lat) charakteryzuje sie
istotnie statystycznie wiekszym stezeniem markeréw przepuszczalnosci jelitowej,
LPS i klaudyny-3, w poréwnaniu do podgrupy o dtuzszym czasie trwania choroby
(powyzej 6 lat), co sugeruje wystepowanie zwiekszonej przepuszczalnosci jelit

na wczesnym etapie choroby.

Nizsze stezenie markeréw przepuszczalnosci jelitowej (LPS i Klaudyny-3) u pacjentow
z dtuzszym okresem trwania choroby (powyzej 6 lat) w poréwnaniu do chorych
o krétszym przebiegu choroby (czas mniejszy lub réwny 6 lat) mozie byé
spowodowane wspoétwystepujgcymi zaburzeniami wchfaniania wynikajacymi z zajecia

przewodu pokarmowego.
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3. Summary

The role of intestinal barrier disruption and bacterial metabolites

in systemic sclerosis: clinical and therapeutic implications.

3.1. Introduction

The influence of intestinal microbiota on human homeostasis is currently an intensively
researched topic. Dysbiosis, i.e. a change in the composition of the intestinal microbiota,
is observed in many diseases, including those in the field of dermatology, such as psoriasis,
systemic lupus erythematosus, atopic dermatitis, and systemic sclerosis. The impact
of dysbiosis on the occurrence and course of dermatological diseases is described
by the concept of the gut-skin axis, according to which altered microbiota may affect
dermatoses through produced substances (metabolites). This effect may be enhanced
by the disruption of the intestinal barrier that often occurs with dysbiosis, which contributes
to increased intestinal permeability. This promotes the translocation of metabolites,
antigens, and fragments of bacterial cells into the bloodstream, which, by stimulating

the immune system, can lead to exacerbation of the symptoms of skin diseases.

Systemic sclerosis (SSc) is an autoimmune connective tissue disease, which course is often
severe. The pathogenesis of the disease is not fully understood, but it is believed that
impaired connective tissue repair mechanisms in response to cellular damage play a key
role. Impaired repair mechanisms are characterized by uncontrolled production
of extracellular matrix proteins, mainly type | collagen, by pathologically changed fibroblasts
and lead to fibrosis of the skin and internal organs. Involvement of internal organs
by the disease process causes specific complications, including interstitial lung disease,
pulmonary hypertension, gastrointestinal motility disorders, and heart failure

due to myocardial fibrosis.

Changes in the intestinal microbiota in the course of systemic sclerosis are characterized
by an increased presence of bacteria of the genera Fusobacterium, Desulfovibrio,
Ruminococcus, and Lactobacillus, and a decreased presence of bacteria of the genus

Faecalibacterium. In addition, more pronounced dysbiosis was observed in patients
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with coexisting organ involvement: interstitial lung disease and esophageal

motility disorders.

The latest preclinical studies indicate that both harmful metabolites of intestinal
bacteria and substances undergoing translocation due to increased intestinal permeability

may intensify fibrosis processes by sensitizing fibroblasts to profibrotic factors.

3.2. Objective

1. The aim of this study was to determine potential abnormalities in the concentration
of the dysbiotic gut microbiota metabolite: trimethylamine N-oxide (TMAO)
in systemic sclerosis, as well as its potential association with the occurrence of typical

organ-related symptoms of the disease.

2. Evaluation of the intestinal barrier in systemic sclerosis and determination
of the relationship between the concentration of gut permeability markers
and disease activity and symptoms, particularly with the occurrence of interstitial

lung disease and esophageal motility disorders.

3. Analysis of potential differences in the concentration of gut permeability markers

among patients with different durations of systemic sclerosis.

3.3. Material and methods

The study involved 50 patients with systemic sclerosis who met the ACR/EULAR classification
criteria. The control group consisted of 30 volunteers matched for sex, age, and body mass
index (BMI). Physical examination and additional tests to assess the severity of organ lesions
were performed in accordance with the recommendations of the Polish Society
of Dermatology. The severity of skin induration was assessed using the modified Rodnan
scale (mRSS). Plasma TMAO levels were determined using high-performance liquid
chromatography coupled to mass detection (HPLC-MS). Concentrations of selected markers
of the intestinal barrier were determined in the serum by the enzyme immunoassay (ELISA).

The p-value of < 0.05 was considered statistically significant.

3.4. Results

Compared to the control group, patients with systemic sclerosis showed a statistically

significantly higher concentration of trimethylamine-N-oxide (TMAQO) (283.0 ng/ml
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(interquartile range [IQR] 188.5-367.5) vs. 205.5 ng/ml (IQR 101.0-318.0); p < 0.01).
A significantly higher TMAO concentration was found in the subgroup of patients
with interstitial lung disease compared to the subgroup without lung involvement
(302.0 ng/ml (IQR 212.0-385.5) vs. 204.0 ng/ml (IQR 135.5-292.0); p < 0.01). The subgroup
of patients with concomitant esophageal motility disorders (detected by contrast
examination of the esophagus) showed significantly higher levels of TMAO compared
to the subgroup with normal motility (289.75 ng/ml (IQR 213.75-387.5) vs. 209.5 ng/mL
(IQR 141.5-315.0), p = 0.026). In addition, TMAO concentration showed a significant negative
correlation with the diffusion lung capacity for carbon monoxide (DLCO), a marker
of restriction due to interstitial lung disease (rho=-0.53; p = 0.013). In addition, Spearman's
correlation coefficient showed a statistically significant negative correlation with the left
ventricular ejection fraction (LVEF) measured in echocardiography (rho = -0.39; p < 0.01)
and a statistically significant positive correlation N-terminal B-type natriuretic propeptide
(NT-proBNP) concentration (rho = 0.41; p < 0.001). There was also a statistically significant
positive correlation between TMAO concentration and scleroderma organ damage index

(SCTC-DI) (rho = 0.78; p < 0.001).

The assessment of the intestinal barrier showed a significantly higher level of bacterial
lipopolysaccharides (LPS), which is an indicator of the translocation of bacterial cell elements
from the intestinal lumen into the bloodstream, in the serum of patients with systemic
sclerosis compared to those in the control group (232.30 pg/mL
(IQR 149.00-347.70) vs.161.00 pg/mL (IQR 83.92-252.20); p < 0.05). The subgroup
of patients with a shorter duration of disease (less than or equal to 6 years) had significantly
higher levels of bacterial lipopolysaccharides and claudin-3 compared to the subgroup
of patients with alonger duration of disease (greater than 6 years): LPS: (280.75 pg/mL
(IQR 167.30-403.40) vs. 186.00 pg/mL (IQR 98.12-275.90); p < 0.05), claudin-3: (16.99 ng/mL
(IQR 12.41-39.59) vs. 13.54 ng/mL (IQR 10.29-15.47); p < 0.05). In addition, it was observed
that in the subgroup with a shorter duration of disease, patients with interstitial lung disease
had significantly higher LPS levels compared to patients without involvement of the lungs
(385.55 pg/mL (IQR 266.90-506.50) vs. 217.75 pg/mL (IQR 157.25-280.75); p < 0.05).
In addition, in the group of patients with systemic sclerosis, the coexistence of esophageal

motility disorders was associated with significantly lower serum LPS levels compared
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to patients with normal esophageal passage (188.05 pg/mL (IQR 102.31-264.40)

vs. 283.95 pg/mL (IQR 203.20-356.30); p < 0.05).

3.5. Conclusions

1.

3.

The concentration of the gut microbiota metabolite: trimethylamine N-oxide (TMAOQ)
in the serum is significantly higher in patients with systemic sclerosis compared
to the control group. The presence of certain symptoms of the disease, including
interstitial lung disease and esophageal motility disorders, is associated

with particularly elevated levels of TMAO.

Gut microbiota metabolites may serve as a link between gut dysbiosis and organ
involvement in systemic sclerosis. Modulating the metabolites derived from gut
bacteria may represent a novel therapeutic approach in the treatment of systemic

sclerosis.

The concentration of the gut permeability marker: lipopolysaccharides (LPS)
in the serum is significantly higher in patients with systemic sclerosis compared
to the control group. A subgroup of patients with a shorter disease duration (less
than or equal to 6 years) is characterized by significantly higher levels of gut
permeability markers, LPS and claudin-3, compared to the subgroup with a longer
disease duration (above 6 years), suggesting increased gut permeability at an early

stage of the disease.

Lower levels of intestinal permeability markers (LPS and Claudin-3) in patients
with longer disease duration (more than 6 years) compared to patients with shorter
disease duration (less than or equal to 6 years) may be due to co-occurring

malabsorption resulting from the disease affecting the gastrointestinal tract.
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4. Wstep

Wptyw mikrobioty jelitowej na homeostaze cztowieka jest obecnie tematem intensywnie
badanym. Dysbioza, czyli zaburzenie w sktadzie mikrobioty jelitowej, jest obserwowana
w wielu chorobach, w tym takze z zakresu dermatologii, miedzy innymi w takich jednostkach
jak tfuszczyca (1), toczen rumieniowaty uktadowy (2), atopowe zapalenie skéry (3)
oraz twardzina uktadowa (4). Wptyw dysbiozy na wystepowanie i przebieg chordb
dermatologicznych opisuje koncepcja osi jelito-skéra, wedtug ktérej zmieniona mikrobiota
moze wptywaé na rozwoj i przebieg dermatoz (5). Jednym z proponowanych mechanizméw
takiej interakcji jest wptyw substancji wydzielanych przez dysbiotyczng mikrobiote jelitowa
(metabolitow). Mogg one wptywac¢ zarowno na komorki skéry oraz bariere naskérkows,
jak i modulowaé reakcje uktadu immunologicznego, ktdrego dysfunkcja jest podtozem wielu
choréb dermatologicznych (5, 6). Efekt ten moze by¢ potegowany poprzez wystepujgce
z dysbiozg uszkodzenie bariery jelitowej, ktére przyczynia sie do zwiekszonej
przepuszczalnosci jelit (7). Sprzyja to translokacji metabolitéw, antygendw oraz fragmentéw
komodrek bakteryjnych do krwioobiegu, co poprzez stymulacje uktadu immunologicznego

moze prowadzi¢ do zaostrzenia objawoéw choréb dermatologicznych (6, 8).

Twardzina uktadowa (ang. systemic sclerosis, SSc) jest autoimmunologiczng chorobg tkanki
tacznej, czesto o ciezkim przebiegu (9). Choroba charakteryzuje sie postepujgcym
widknieniem skoéry i narzagdédw wewnetrznych (9). Czestos¢ wystepowania twardziny szacuje
sie na okoto 17,6 przypadkéw na 100 tysiecy mieszkaricow. Ponadto choroba charakteryzuje

sie pieciokrotnie czestszym wystepowaniem wsrdd kobiet w poréwnaniu do mezczyzn (10).

Patogeneza choroby nie jest w petni poznana, jednak uwaza sie, ze kluczowg role odgrywaja
w niej zaburzone mechanizmy naprawy tkanki facznej w odpowiedzi na uszkodzenie.
Polegajg one na niekontrolowanej produkcji biatek macierzy pozakomérkowej, gtéwnie
kolagenu typu |, przez chorobowo zmienione fibroblasty i prowadzg do wtdknienia skory
i narzadow wewnetrznych (11). Zajecie narzadéw wewnetrznych przez proces chorobowy
powoduje wystgpienie swoistych objawdéw, miedzy innymi $rédmigzszowej choroby ptuc,
nadci$nienia ptucnego, zaburzen motoryki przewodu pokarmowego oraz niewydolnosci

serca bedacej efektem witdknienia miesnia sercowego (9).
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Zmiany mikrobioty jelitowej w przebiegu twardziny uktadowej charakteryzujg sie
zwiekszonym  wystepowaniem  bakterii zrodzajéow  Fusobacterium, Desulfovibrio,
Ruminococcus i Lactobacillus, natomiast zmniejszonym wystepowaniem bakterii z rodzaju
Faecalibacterium w poréwnaniu do zdrowej populacji (12-14). Dodatkowo zmiany te s3
bardziej wyrazone u o0sob ze wspdtistniejgcym zajeciem narzagdowym — chorobg
Srédmigzszowag ptuc i zaburzeniami motoryki przetyku (13, 15). Dostepna literatura wskazuje,
ze dysbioza moze by¢ obserwowana juz od wczesnych stadiéw choroby (13).
Zaobserwowano rowniez, ze dysbiotyczna mikrobiota jelitowa w twardzinie uktadowej
wigze sie ze zmienionymi witasciwosciami metabolicznymi w poréwnaniu do oséb zdrowych
(16). Implikuje to mozliwos¢ ekspozycji pacjentdw na inne spektrum substancji
produkowanych przez bakterie jelitowe. Ekspozycja ta moze by¢ dodatkowo zwiekszona
poprzez wystepujgce w twardzinie zmiany naczyniowe izajecie przewodu pokarmowego

prowadzgce do zwiekszonej przepuszczalnosci jelitowej (17-19).

Substancjami produkowanymi przez mikrobiote jelitowg moga byé drobnoczgsteczkowe
produkty jej metabolizmu (20). Znanych jest kilka grup metabolitdw mikrobioty jelitowej,
ktdre mogg dziata¢ zaréwno korzystnie na homeostaze (miedzy innymi krétkotancuchowe
kwasy ttuszczcowe i pochodne tryptofanu), jak i negatywnie (pochodne amin

czwartorzedowych, z ktorych najlepiej poznanym jest N-tlenek trimetyloaminy) (6, 20).

N-tlenek trimetyloaminy (TMAO) to substancja produkowana wskutek utleniania metabolitu
mikrobioty jelitowej, trimetyloaminy (TMA), zachodzgcego w watrobie. TMA powstaje
z dostarczanych wraz z pozywieniem amin czwartorzedowych m. in. choliny, L-karnityny
i fosfatydylocholiny (21). Wzrost stezenia TMAO we krwi czesto zwigzany jest z dysbiozg (22)
i obserwowany jest w wielu jednostkach chorobowych takich jak choroby sercowo-
naczyniowe (23, 24), tuszczycowe zapalenie stawdw (25) i reumatoidalne zapalenie stawow
(26). TMAO wykazuje wielokierunkowe dziatanie prozapalne. Metabolit ten indukuje
wytwarzanie prozapalnych cytokin, takich jak TNF, IL-6 ibiatko C-reaktywne (CRP) przez
komorki uktadu odpornosciowego (6). Ostatnie badania przedkliniczne wykazaty, ze TMAO
moze potencjalnie wptywaé na patogeneze twardziny ukfadowe] poprzez indukowanie
uszkodzenia s$rdodbtonka, nasilenie dziatania cytokin zwigzanych z procesem witdknienia,
zwiekszenie odkfadania kolagenu, hamowanie zaleznego od srédbfonka rozszerzania tetnic

i hamowanie uwalniania tlenku azotu w srdédbtonku naczyn (27-29). Ponadto dostepna
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literatura sugeruje, ze zwiekszone stezenie TMAO moze by¢ zwigzane ze zwiekszonym
ryzykiem i ciezszym przebiegiem zajecia narzgdowego w twardzinie uktadowej. Zwiekszone
stezenie TMAO we krwi obserwowane byto u pacjentow cierpigcych na nadcisnienie ptucne,
ktére wystepuje u ok. 15% pacjentéw z twardzing uktadowg (30-32). Wyzsze stezenie TMAO
zwigzane byto rdéwniez zgorszym przebiegiem nadcisnienia pftucnego ocenionym
na podstawie klas czynnosciowych zaproponowanych przez Swiatowa Organizacje Zdrowia
(31). Badania przeprowadzone na mysim modelu wtéknienia serca wykazaty, ze TMAO moze
nasila¢ widknienie miesnia sercowego, a tym samym zmniejsza¢ frakcje wyrzutowa
i kurczliwos¢ serca (33). Do tej pory nie zbadano stezenia TMAO we krwi pacjentéw

z twardzing uktadowa oraz zaleznosci pomiedzy TMAO a specyficznymi objawami choroby.

Czynnikiem, ktéry moze modulowaé wptyw mikrobioty jelitowej na przebieg twardziny
uktadowej jest bariera jelitowa. Jest to specyficzna zdolnos$¢ sluzéwki jelita do selektywnego
wchtaniania substancji odzywczych, elektrolitow i wody, przy jednoczesnym zatrzymywaniu
w Swietle jelita substancji zaburzajacych homeostaze (7, 34). Bariera jelitowa skfada sie
z kilku elementéw, z ktérych kluczowymi dla zachowania selektywnej przepuszczalnosci
wydajg sie by¢ komodrki nabtonka jelit (enterocyty) ipotgczenia pomiedzy nimi (7, 34).
Uszkodzenie tych pofaczen powoduje zwiekszenie przepuszczalnosci Sluzowki jelit
dla potencjalnie szkodliwych substancji — antygendw, alergendw i fragmentéw

komodrek bakteryjnych.

Dostepne badania podajg, ze przepuszczalnosc jelit w twardzinie uktadowej jest zwiekszona
(18, 19). Technika uzyta we wspomnianych badaniach, test absorpcji oligosacharydéw,
jest metodg czasochtonng i trudng do zastosowania w praktyce klinicznej (35). Alternatywa
dla tej metody sg nowe biomarkery bariery jelitowej, ktére mogg byé oznaczane z krwi
pobranej w trakcie rutynowych badan. Zaletami sg tatwos¢ uzycia oraz mozliwos¢ uzyskania
informacji o wielkosci translokacji bakteryjnej i stanie potgczen pomiedzy enterocytami.
Sposrod dostepnych biomarkerdw najlepiej udokumentowanymi w ocenie bariery jelitowej
sg jelitowe biatko wigzgce kwasy ttuszczowe (I-FABP), klaudyna-3 oraz lipopolisacharydy

bakteryjne (LPS).

I-FABP jest biatkiem wystepujgcym niemal wytacznie w cytoplazmie enterocytéw w jelicie

cienkim (36). W fizjologicznych warunkach translokacja tego markera do krgzenia jest
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minimalna, natomiast uszkodzenie komérek nabtonka jelitowego powoduje wyrazny wzrost

poziomu I-FABP we krwi (36).

Klaudyna-3 jest biatkiem wchodzacym w sktad potgczen scistych pomiedzy enterocytami.
Uszkodzenie tych potgczen powoduje wzrost stezenia klaudyny-3 w surowicy, co moze by¢é

wykorzystane do oceny stanu bariery jelitowej (37-39).

LPS jest elementem tworzgcym zewnetrzng btone komdrkowa bakterii Gram-ujemnych (35).
Zwiekszenie jego stezenia we krwi $wiadczy o zachodzacej translokacji elementéw komadrek
bakterii ze Swiatta jelita do krwioobiegu, a co za tym idzie zwiekszonej przepuszczalnosci
Sluzoéwki jelit na tle zaburzen bariery jelitowej (35). Dodatkowo LPS jest substancjg wysoce
immunogenng o udokumentowanym wptywie pobudzajgcym na uktad immunologiczny,
co moze prowadzi¢ do zaostrzenia przebiegu chordb o mechanizmie autoimmunizacyjnym
(40). Nowe badania przedkliniczne sugeruja, ze LPS poprzez sygnalizacje zwigzang
z receptorem toll-podobnym 4 (TLR4), bedgcym receptorem dla LPS, moze wptywaé na
mechanizmy molekularne zwigzane z wtéknieniem obserwowanym w twardzinie uktadowej.
W biopsjach skéry iptuc pacjentow chorujgcych na twardzine uktadowg stwierdzono
zwiekszone wystepowanie TLR4 na fibroblastach, co moze sugerowac zwiekszong podatnosc
na niekorzystne dziatanie LPS (41). Ponadto wykazano, ze LPS moze zwiekszaé ekspresje
gendw macierzy pozakomdrkowej, miedzy innymi kolagenu, w fibroblastach skéry i znaczaco
zwieksza¢ ich zdolno$¢ do rozpoczecia odpowiedzi profibrotycznej po prowokacji
transformujgcym czynnikiem wzrostu beta 1 (TGF-1), cytoking znang jako gtéwny mediator

wtbéknienia w twardzinie uktadowej (41, 42).
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5. Cel i zatozenia pracy

1. Okredlenie potencjalnych nieprawidiowosci w stezeniu metabolitu dysbiotycznej

2.

3.

mikrobioty jelitowej — N-tlenku trimetyloaminy (ang. trimethylamine N-oxide; TMAOQ)
w twardzinie ukfadowe] oraz potencjalnego zwigzku z wystgpieniem typowych

objawéw narzgdowych choroby.

Ocena stanu bariery jelitowej w twardzinie uktadowej i okreslenie zwigzku stezenia
markeréw przepuszczalnosci jelit z aktywnoscig i objawami choroby, w tym w
szczegblnosci z wystepowaniem $rdodmigzszowej choroby ptuc oraz zaburzeniami

motoryki przetyku.

Analiza potencjalnych rdinic w stezeniu markeréw przepuszczalnosci jelit

u pacjentéw z réznym czasem trwania twardziny uktadowe;.
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Abstract: Dysbiosis has been identified in many dermatological conditions (e.g., psoriasis, atopic der-
matitis, systemic lupus erythematosus). One of the ways by which the microbiota affect homeostasis
is through microbiota-derived molecules (metabolites). There are three main groups of metabolites:
short-chain fatty acids (SCFAs), tryptophan metabolites, and amine derivatives including trimethy-
lamine N-oxide (TMAO). Each group has its own uptake and specific receptors through which these
metabolites can exert their systemic function. This review provides up-to-date knowledge about
the impact that these groups of gut microbiota metabolites may have in dermatological conditions.
Special attention is paid to the effect of microbial metabolites on the immune system, including
changes in the profile of the immune cells and cytokine disbalance, which are characteristic of several
dermatological diseases, especially psoriasis and atopic dermatitis. Targeting the production of
microbiota metabolites may serve as a novel therapeutic approach in several immune-mediated
dermatological diseases.

Keywords: microbiota; gut-skin axis; dysbiosis; inflammation; immune-mediated inflammatory
diseases; intestinal microbial metabolites; SCFA; TMAO; probiotics; fecal microbiota transplantation

1. Introduction

The intestinal microbiota are the microorganisms colonizing the gastrointestinal tract,
which include more than a thousand distinct species of bacteria, viruses, fungi, and pro-
tozoa [1]. The impact of the gut microbiome on human homeostasis has been widely
studied, especially its ability to modulate inflammatory responses. The quantitative and
qualitative changes in the intestinal microbiota’s composition have been observed in many
dermatological conditions, such as psoriasis [2—4], systemic lupus erythematosus [5], atopic
dermatitis [6,7], and systemic sclerosis [8,9]. This condition is called dysbiosis, and its
impact on human health is still not clearly understood. In contrast to the normobiotic state,
altered exposure of the host to diverse microbial stimuli may be linked with dysbiosis.
Available data suggest that it can be a significantly harmful environmental factor, especially
in genetically vulnerable hosts whose endogenous systems, which control inflammation,
are already compromised [10].

There are several main mechanisms by which the microbiota could play a role in
autoimmunity and stimulation of the immune response: molecular mimicry, an impaired
intestinal barrier that may promote translocation of bacterial elements or even whole
bacteria, direct interactions with immune cells in Peyer’s patches, and an altered abundance
of microbial metabolites with immunomodulatory functions [10-13]. To date, only some
groups of metabolites have been discovered and extensively studied. The most relevant are
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those that significantly impact the immune system physiology, such as short-chain fatty
acids (SCFAs), tryptophan metabolites, and amine derivatives including trimethylamine
N-oxide (TMAO) [10,14,15]. These are found to exert particular effects at the cellular and
even systemic level by interacting with different receptors in immune and skin cells [16-18].

Understanding how microbial metabolites affect the skin and immune cells could be a
milestone in deciphering the concept proposed by novel studies regarding the functional
link between the intestine and skin, which is called the gut—skin axis [19].

2. Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs) are the most studied substances among gut bacterial
metabolites. This group consists of aliphatic carboxylic acids with fewer than six carbon
atoms. In humans, the three most abundant aliphatic carboxylic acids, which have the
highest impact on homeostasis, are acetic, propionic, and butyric acid [16].

SCFAs are produced mostly in the colon due to the fermentation of indigestible dietary
fiber mainly by two anaerobic bacterial phyla: Bacteroides and Firmicutes [20]. Some of the
produced SCFAs are absorbed by colonocytes and utilized as an energy source. The rest of
the SCFA pool is absorbed into the circulation and exerts systemic effects via four known
pathways: interaction with the free fatty acid receptor 2 (FFAR2, also known as GPR43),
the free fatty acid receptor 3 (FFARS3, also known as GPR41), the free fatty acid receptor
GPR109a, and inhibition of histone deacetylase [16,20].

FFAR2, FFAR3, and GPR109a are G-protein-coupled receptors, and they are expressed
in various tissues, including adipocytes, intestinal epithelial cells, pancreatic beta-cells,
spleen, and immune cells such as M2 macrophages, neutrophils, eosinophils, and mast
cells [16]. As inhibitors of histone deacetylases (HDACs), SCFAs cause an increase in the
expression of certain genes in an epigenetic manner. There is a substantial body of evidence
confirming that these substances not only act as histone deacetylase inhibitors but can also
modify histones directly via so-called histone propionylation and butyrylation [21].

SCFAs’ abilities to modulate the immune system could be beneficial in the prevention,
modulation, or prognosis of dermatological disorders resulting from immune system
dysregulation. Usami et al. proved that SCFAs, especially butyrate, inhibit the activity of
NF-«B in mononuclear cells, which is a transcriptional factor controlling the expression of
multiple genes involved in the inflammatory response. Furthermore, it has been shown
that SCFAs can markedly reduce the secretion of TNF via the mentioned cells [22]. In
macrophages, butyrate reduces the expression of inflammatory cytokines, such as TNF,
MCP-1, and IL-6, via HDAC inhibition [23]. In T cells, SCFAs are potent regulators of
differentiation and cytokine production. It is known that SCFAs can increase the pool
of Treg lymphocytes in an FFAR2- and HDAC-dependent manner [24-26]. Additionally,
signaling through GPR109a and FFAR?2 in dendritic cells (DCs) can lead to the induction
of the differentiation of Foxp3* Treg lymphocytes [11,27]. SCFAs also impact B cells.
Through HDACs' inhibitory properties, they can modulate gene expression epigenetically.
Specifically, butyrate and propionate decrease the expression of B cells” Aicda and Prdm1
genes in humans and mice, the products of which are key regulators of antibody class
switching and differentiation of B cells [28]. It has been observed that SCFA-fed mice are
characterized by decreased IgG1, IgA, and IgE antibody levels, a dampened response to
allergens by plasmocytes, and a reduced number of local and systemic class-switched B
cells, antibody-forming cells, and class-switched antibodies [28]. The level of SCFAs has
also shown a positive correlation with the number of regulatory B cells in rheumatoid
arthritis [29]. All the mentioned facts suggest that SCFAs can dampen the immune response
and may prevent autoimmune diseases. Valerate, which is a less-studied compound from
the SCFA group, also displays tolerogenic properties. It induces IL-10 production in both B
and T CD4" cells and suppresses Th17 lymphocytes via a reduction in IL-17 production
and downregulation of Th17-associated genes. It also mediates the generation of Breg
cells [30,31].
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In contrast to this result, SCFAs can boost the generation of Th1l and Th17 cells during
active immune responses and increase the cytotoxic activity and production of IL-17 via
CD8 T cells [23]. These discrepancies in the function of SCFAs can be explained by the host
state. In a steady state, SCFAs seem to present tolerogenic properties, but in acute immune
responses, they stimulate the response of the immune system to fight the infection more
effectively.

2.1. Atopic Dermatitis and Hypersensitivity Reactions

There is mounting evidence that SCFAs can interfere with allergy response on many
levels. The most crucial function of SCFAs in the pathogenesis of hypersensitivity is
their ability to improve intestinal and epithelial barriers. A disrupted epithelial barrier
creates favorable conditions for allergen ingress and further sensitization, which is a
pivotal feature of atopic dermatitis (AD) [32]. It has been observed in a mouse model of
AD that orally administered SCFAs, particularly butyrate, can decrease transepidermal
water loss (TEWL) and increase the level of cholesterol and ceramides, particularly ester-
linked omega-hydroxy ceramides, in the stratum corneum [33]. The deficiency of these
ceramides is linked with AD [34]. What is more, the administration of butyrate was found
to affect keratinocytes directly by promoting terminal differentiation. Butyrate-treated
human epithelial keratinocytes have displayed increased numbers of “late” differentiation
markers such as involucrin, filaggrin, and calmodulin-like skin protein as well as “early”
differentiation markers such as desmoglein-1, keratin-1, and keratin-10 [33].

Interestingly, there is ample evidence that AD is characterized by gut dysbiosis, es-
pecially the depletion of butyrate-producing bacteria [35-38]. The reduction in butyrate-
producing Bacteroides fragilis has been found to correlate with increased total IgE, egg-IgE,
and milk-IgE [38]. Moreover, the microbiota in AD produce fewer SCFAs, particularly
propionate and butyrate, which have been assessed in fecal samples [38,39]. Reduced
exposure to SCFAs early in life may be one of the factors responsible for the development
and course of the disease, which seems to confirm the work of Roduit et al. They found
that in a one-year-old pediatric population, a lower fecal level of propionate and butyrate
was associated with a markedly higher prevalence of atopic diseases diagnosed at the age
of 6 [40]. Other studies seem to confirm these results by showing that lower fecal butyrate
levels in one-year-old patients are associated with the development of eczema [41-43]. Ad-
ditionally, decreased exposure to valerate is supposedly correlated with a lower prevalence
of eczema in children [44,45]. Dysbiosis and decreased SCFA formation might be an effect
of prenatal and early-life exposure to antibiotics. As reported by recent large cohort studies,
both prenatal and early-life exposures to antibiotics are linked with an increased risk of
developing AD [46,47]. A study on a mouse model of AD showed corresponding results.
Administration of antibiotics before sensitization was associated with a more severe disease
course, increased expression of IL-4, increased levels of IgE, decreased levels of acetate,
propionate, and butyrate, and decreased Foxp3* Treg cells [48]. Like in psoriasis, Treg
lymphocytes have a significant role in the pathogenesis of atopic diseases [49], which could
be at least partially improved by SCFAs.

The tolerogenic effect of SCFAs may be responsible for the acquisition of allergen
tolerance. The pathogenesis of human food allergy includes an increased number of
intestinal Th2 cells and type 2 innate lymphoid cells (ILC2s), which generate cytokines
including IL-4, IL-5, and IL-13 after exposure to food allergens [50]. It is well known
that IL-4 actively promotes B cells” development into plasma cells that synthesize IgE [51].
Cross-linking of allergen-specific IgE on mast cells via FceRI can elicit degranulation of mast
cells after exposure to a particular allergen, which results in an allergic reaction [51]. Many
studies report that SCFAs have a direct impact on the majority of cells involved in allergic
responses. In mast cells, SCFAs act epigenetically by altering the signaling cascade mediated
by FceRI, which can dampen allergic responses [52-54]. These findings are supported by
the fact that fecal concentrations of acetate, propionate, and butyrate are lower in patients
suffering from IgE-mediated food allergies [55]. Interestingly, like in the case of atopic
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dermatitis, lower exposure to SCFAs in early childhood might result in the development of
food allergy, and also IgE-associated diseases such as asthma [40,42,45]. Moreover, it seems
that the protective effect of SCFAs is distinctively observable in IgE-related conditions,
contrary to IgE-independent sensitizations [56]. However, sodium butyrate (SB) injected
subcutaneously or administered topically suppressed both the elicitation phase and ongoing
hypersensitivity reaction in a mouse model sensitized to 2,4,6-trinitro-1-chlorobenzene,
which is model for contact dermatitis [57,58]. Sections from areas exposed to SB were
characterized by an increased number of Treg lymphocytes, and greater expression of
IL-10 and the Foxp3 transcription factor compared to sections from the control tissue [57].
The immunomodulatory effect of SB is histone-acetylation-dependent. Moreover, similar
findings were observed in human skin biopsies; after exposure to SB, more Treg cells,
increased transcription of Foxp3 and IL-10 genes, and decreased transcription of the IL-6
gene were observed [57]. The oral administration of butyrate or propionate can alleviate
symptoms in the mouse model of allergic airway disease [40,52] and food allergy [59].
Additionally, some studies also suggest that exposure to butyrate and propionate may lead
to a reduction in IL-4 secretion, which can potentially restore the skin barrier and suppress
the allergic response [60].

2.2. Psoriasis

Schwarz et al. provide substantial information about the function of SB, which is
the counterpart of the butyrate produced by the microbiota on skin immune cells, and
its therapeutic potential in skin disorders. They observed that the injection or topical
administration of SB can almost completely reverse imiquimod-induced psoriasis-like
lesions in the mice. SB was also able to downregulate inflammatory response, which was
manifested by decreased expression of IL-17 and enhanced expression of IL-10 and Foxp3.
The anti-inflammatory effect was dependent on Treg lymphocytes [61]. The next part of the
study included patients with psoriasis. Compared to the controls, the patients had reduced
Treg activity, which was partially restored using SB. Moreover, upregulation of the Foxp3
factor and activation of skin Treg cells were observed. Additionally, in the studied skin,
SB reduced the expression of IL-6 and IL-17 and upregulated the expression of IL-10 [61].
Similar results were observed by Krejner et al. They found that in skin samples of psoriatic
patients, the expression of FFAR2 and GPR109a were decreased, and the administration of
SB upregulated these receptors, reduced the expression of IL-6, IL-17, and increased the
expression of IL-10 [62]. Interestingly, some of the drugs used in psoriasis management
are potent agonists of these receptors; e.g., dimethyl fumarate exhibits a high affinity to
the GPR109a receptor [63,64]. Cyclosporine, another antipsoriatic drug, may increase the
intestinal uptake of certain SCFAs, especially butyrate [65].

2.3. Connective Tissue Diseases

SCFAs may impact lupus pathogenesis. In systemic lupus erythematosus (SLE) pa-
tients, gut dysbiosis, along with a decrease in butyrate-producing bacteria and altered SCFA
concentrations, can be observed [66,67]. Oral administration of SCFAs, especially butyrate,
in both lupus-prone mouse models MRL /Faslpr/lpr and NZB/W F1 can alleviate symp-
toms of the disease and can reduce dysbiosis by increasing microbiota diversity [28,68].
In comparison to the control group, the mice that were administered butyrate and pro-
pionate orally did not demonstrate IgG1/IgG2a kidney deposition, glomerular damage,
or skin lesions [28]. Furthermore, this intervention decreased the number of autoanti-
bodies to dsDNA, RNP/Sm, anti-RNA, histones, and nuclei, and reduced the number of
plasmacytes [28].

Systemic sclerosis (SSc) is also characterized by dysbiosis, particularly in butyrate-
producing genera, but to date, there are no data on human subjects regarding the influence
of SCFAs on SSc [69,70]. However, promising results have been obtained in mice. In the
bleomycin-induced systemic sclerosis model, the administration of sodium butyrate causes
reduced collagen deposition and x-SMA expression in the skin [71]. Additionally, SB has
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shown efficacy in reducing lung fibrosis and gut dysbiosis. The in vitro part of this study
reported that SB can dampen the profibrotic response induced by TGF-1 in human dermal
fibroblasts (HDEFs) [71].

3. Tryptophan Metabolites

In the gastrointestinal tract, dietary proteins are broken down into amino acids. Among
them, tryptophan has ample evidence of being utilized by intestinal microbiota. Tryp-
tophan can be metabolized in three general pathways: the kynurenine, serotonin, and
indole pathways (Figure 1). The latter is known to be closely associated with micro-
biota metabolism [72]. Many genera of intestinal bacteria, such as Clostridium, Bacteroides,
Bifidobacterium, and Lactobacillus, are known to produce tryptophan metabolites [73]. For mi-
croorganisms, tryptophan can act as a substrate for the production of cofactor for NAD [74].
Moreover, some tryptophan microbial derivates, e.g., tryptophol and indole lactic acid,
exhibit the potential to shape microbiota by acting as quorum-sensing molecules [75] or via
their antibacterial and antifungal properties [76-78].

0O
CH
HN NH
Tryptophan
Kynurenine Indole pathway
pathway
Serotonin
pathway
ILA IPyr
I3A IPA IAA

Figure 1. Three pathways of tryptophan metabolism. The indole pathway is mostly associated with
intestinal microbiota metabolism. Various compounds produced in this pathway are considered
beneficial to human health. I3A—indole-3-aldehyde, ILA—indole lactic acid, IPA—indole propionic
acid, IPyr—indole pyruvate, IAA—indole acetic acid. Created with BioRender.com.

Recent studies have revealed that circulating microbial tryptophan catabolites may
affect the homeostasis of the human body. Despite the multidirectional function of com-
pounds derived in the indole pathway, including increasing GLP-1 production [79] and
stimulating intestinal motility, activation of the aryl hydrocarbon receptor (AhR) by these
substances seems to be their most important role in the context of dermatological dis-
eases [17,80]. This receptor is widely expressed, especially in the skin, intestines, and lungs.
In the skin, the AhR is extensively expressed in fibroblasts, keratinocytes, Langerhans cells,
melanocytes, sebocytes, mast cells, and lymphocytes [81]. It is known that some microbial
tryptophan metabolites, especially indole-3-carbaldehyde (I3A), can stimulate the AhR on
keratinocytes [82], Langerhans cells [83], melanocytes [84], and fibroblasts [85]. The effect
of stimulation seems dose- and ligand-dependent. Different ligands trigger the interaction
of the AhR with different transcriptional molecules, thereby inducing several biological
effects [81].
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Stimulation of the AhR in the skin can cause multidirectional reactions. In ker-
atinocytes of atopic dermatitis patients, AhR activation was found to be related to the
upregulation of filaggrin and loricrin, i.e., key proteins which build the skin barrier. Restora-
tion of the skin barrier can be observed as a decrease in TEWL [80,86]. Moreover, activation
of the AhR by tryptophan metabolites can improve wound healing and decrease scar for-
mation by upregulating metalloproteinases and suppressing type I collagen and fibronectin
expression, directly on dermal fibroblasts [87]. The stress-alleviating effect of the AhR
pathway was also found in response to UV [88]. Indole pyruvate (IPyr), one of the bacterial
metabolites of tryptophan, was found to exert a protective effect on keratinocytes exposed
to UVB, in which the amounts of secreted IL-1b and IL-6 were similar to those of unirra-
diated cells [89]. Additionally, in a mouse model, an increase in TEWL and expression of
IL-1b after irradiation was less marked in the group which had received IPyr topically [89].
Furthermore, indole-3-propionic acid (IPA), also known as the microbiota metabolite, can
reduce oxidative stress in response to exogenous stressors [90]. It was found that the indole
derivatives, indole lactic acid (ILA) and indole-3-carbaldehyde (I3A), might be involved in
the induction of tolerance to allergens, especially food allergens. Due to the stimulation
of the AhR, these compounds were able to reprogram intestinal CD4* cells to known
tolerogenic double-positive CD4*CD8ax* cells [91].

Interestingly, the therapeutic effect of coal tar is related to the stimulation of AhR, which
induces epidermal differentiation, neutralizes reactive oxygen species, restores filaggrin
expression, and improves skin barrier proteins [92]. The importance of the AhR pathway in
dermatology was emphasized by the discovery of the novel drug tapinarof, which acts as
an AhR agonist [93]. Tapinarof has passed phase 3 of a clinical trial in psoriasis, and it has
gained FDA approval for plaque psoriasis treatment [94,95]. Tapinarof is also undergoing
several phase 3 clinical trials in adults and children with atopic dermatitis [95,96]. The
promising effect of activation of the AhR suggests that tryptophan metabolites could
exert similar therapeutic effects and could also be a useful tool in the management of
dermatological diseases.

3.1. Atopic Dermatitis and Hypersensitivity Reactions

In the context of atopic diseases, there are a growing number of studies describing the
function of tryptophan microbiota metabolites. Fang et al. revealed that administration of
Bifidobacterium longum probiotics in atopic dermatitis patients can significantly decrease
clinical symptoms measured in SCORAD and DLQI scales compared to a placebo. In the
follow-up, the study group was characterized by lower IgE levels. Moreover, the responders
were characterized by a significant increase in the serum levels of bacterial tryptophan
metabolites, indole lactic acid (ILA), and indole-3-carbaldehyde (I3A) after the intervention.
Additionally, fecal I3A was higher. It needs to be emphasized that a significant negative
correlation was found between I3A level disease severity as measured with SCORAD
and DLQI [97]. The following parts of the experiment confirmed the results in the mouse
model and revealed that oral administration of I3A attenuated the activity of disease
measured in the reduction in skin thickness, IgE levels, and concentrations of interleukins
associated with the Th2 axis (TSLP, IL-4, IL-5) [97]. Another study, conducted by Yu et al.,
has reported corresponding results. Firstly, skin concentrations of I3A were significantly
lower in patients with atopic dermatitis both in lesioned and non-lesioned skin [82]. The
following part of the study confirmed the mentioned results in the mouse model. The
topical and oral administration of I3A was effective in alleviating symptoms, e.g., skin
thickness or itch, and induced a marked reduction in IL-4, IL-5, IL-6, IL-13, IL-22, and
TSLP expression in skin cells. A decrease in TSLP expression after I3A treatment was also
observed directly in keratinocytes. Interestingly, the effects of I3BA administration included
inhibition of inflammatory cell infiltration [82]. The decrease in TSLP expression found in
both studies seems to be crucial in improving symptoms of atopic dermatitis. This cytokine
is known as an orchestrating factor of the Th2 response and is responsible for the induction
of atopy-related cytokines including IL-4, IL-5, IL-6, and IL-13 [98]. Another tryptophan
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metabolite, formylindolocarbazole (FICZ), can be synthesized from bacterial-derived indole-
3-acetaldehyde (I3A) or indole-3-pyruvate (I3Pyr), especially under UV light [88,99]. FICZ
can stimulate filaggrin expression and its abundance in human keratinocytes [86,100] and
keratinocytes of a mite-induced AD-like NC/Nga murine model [100]. The mentioned
model is an established model of AD [101,102]. Additionally, topical FICZ treatment
reduced transepidermal water loss (TEWL) and significantly improved dermatitis [100].
IL-4-induced filaggrin downregulation in mRNA levels was reversed [100]. Skin epithelial
barrier damage, manifested by increased TEWL and a decreased amount of filaggrin, is
associated with AD pathogenesis. Allergens passing through damaged skin can stimulate
immune cells and, in consequence, further damage the epithelial barrier, constituting a
vicious circle of exposure [32].

Additionally, hypersensitivity reactions are associated with specific Trp metabolite
alteration. Allergic subjects have decreased levels of indole-3-butyric and indole-3-lactic
acids [103]. Additionally, new reports show that direct administration of some Trp metabo-
lites can be useful in the management of delayed-type hypersensitivity [104]. Counterintu-
itively, FICZ in this study was related to the exacerbation of delayed-type hypersensitivity
in a mouse model [104]. However, the evidence is not robust, and additional studies should
be carried out to clarify the bacteria-derived indoles in allergy and their potential use in
dermatology.

3.2. Lupus

By far, most reports of tryptophan microbiota metabolites have come from work on SLE.
In SLE patients, an increased kynurenine-to-tryptophan ratio was observed [105-107], which
exhibited a strong positive correlation with neopterin, a marker of immune activation [106].
Furthermore, the higher kynurenine-to-tryptophan ratio was associated with a worse
working memory and poor visuospatial processing test results, severe fatigue, active
disease, decreased complement, and anemia [105-107]. SLE was also linked with decreased
indole-3-propionic acid [108]. The mentioned results suggest accelerated Trp metabolism
in the kynurenine pathway at the expense of the indole pathway, which may originate
from intestinal microbiota disturbances [109]. The mouse studies show similar shifts in
Trp metabolism [109,110]. Correspondingly to humans, kynurenine seems to favor pro-
inflammatory T-cell phenotypes in the lupus-prone mouse model [109]. Moreover, it was
observed that a diet low in tryptophan was associated with slowing down the progression
of the disease, which prevented the development of anti-dsDNA IgG, injury of the kidneys,
increased Treg cells activity, and decreased mTOR kinase activation [109,110]. This suggests
that interventions based on decreasing the dietary intake of tryptophan may be useful in
the management of the disease.

4. Trimethylamine (TMA) and Trimethylamine N-oxide (TMAO)

Various compounds of this group are products of intestinal microflora degradation
of ingested small molecules with a quaternary amine group, e.g., choline, L-carnitine, or
phosphatidylcholine, which are abundant in eggs, liver, dairy products, and peanuts [15].
Trimethylamine N-oxide (TMAO) is the most recognizable and studied of all monoamines.
TMAO is produced by the bacterial metabolite trimethylamine (TMA), which is oxidized
by the liver. Mouse studies have reported that the intestinal microbiota is essential to TMA
formation, and the production of TMA and TMAOQO can be almost completely suppressed by
broad-spectrum antibiotics [111,112]. There is ample evidence that some genera of intestinal
bacteria are associated with higher TMAO concentrations in plasma. For example, bacterial
genera such as Clostridia, Proteus, Shigella, and Aerobacter are involved in the production
of TMA, especially the strains Anaerococcus hydrogenalis, Escherichia fergusonii, Clostridium
hathewayi, Clostridium asparagiforme, Edwardsiella tarda, Proteus penneri, Clostridium sporogenes,
and Providencia rettgeri. Microbiota rich in the Prevotella genus, which is related to dysbiosis
caused by a high-fat diet, is associated with higher plasma TMAO levels. What is more, the
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link between microbiota characterized by a higher level of the Bacteroides genus and lower
levels of this metabolite in plasma has been proved [15,113].

Compared to previous substances, specific receptors for TMAOQO are still poorly known.
TMAO is reported to bind to Protein Kinase RNA-Like ER Kinase (PERK) at physiological
concentrations and to induce the FoxO1 transcription factor, which is the key factor in
metabolic syndrome [18]. The harmful effect of this compound on the human organism is
attributed to the acceleration of atherogenesis due to endothelial dysfunction, induction
of oxidative stress, insulin resistance, and impairment of lipid metabolism [114]. There
have been multiple studies describing its pro-inflammatory effect and a high TMAO level
linked to persistent low-grade inflammation. The subjects characterized by high plasma
TMADO levels have an elevated concentration of TNF, sSTNF-R p75, and sTNF-R p55 [115].
Moreover, higher levels of TMAO in plasma are associated with overexpression of pro-
inflammatory cytokines such as TNE, IL-6, and C-reactive protein, and decreased expression
of anti-inflammatory cytokine IL-10 [15,116-119]. By induction of NLRP3 inflammasome
activation, TMAO contributes to an increase in the levels of IL-1 and IL-18, which are
crucial cytokines in various dermatological and rheumatological conditions [118,120]. In-
hibition of the mentioned inflammasome supposedly decreases the detrimental effect of
TMAO [121]. Because of NLRP3 inflammasome activation, lysosomal dysfunction and
redox dysregulation of the cell occur, which results in the production of reactive oxygen
species (ROS). Reactive oxygen species can damage the endothelium and disrupt the mi-
croenvironment of various organs, e.g., the intestine or the skin. Simultaneously, they can
accelerate cellular senescence [120,122]. Additionally, it has been observed that TMAO
can activate macrophages and monocytes, especially in the NLRP3 inflammasome path-
way [118,121]. It is known that TMAO may enhance macrophage infiltration, and it may
cause M1 polarization as well as Thl and Th17 differentiation [121]. A higher TMAO
concentration is associated with insulin resistance [123,124]. Furthermore, it is a factor of
increased cardiovascular risk and accelerating atherosclerosis, and is also associated with a
worse prognosis of the mentioned conditions [125,126].

Dermatological Context

In dermatological conditions, the impact of TMAO still remains elusive. However,
more and more studies are being published on this subject, and the results are encouraging.
Sikora et al. found that patients suffering from psoriasis have significantly greater TMAO
concentrations in plasma compared to control subjects. Moreover, increasing TMAO
concentrations were associated with a greater abundance of conditions characteristic of
metabolic syndrome such as hyperlipidemia, hypertension, obesity, non-alcoholic fatty
liver disease, and a higher cardiovascular risk as measured with various scales, e.g., SCORE,
Framingham Risk Score, or AHA /ACC. Furthermore, TMAQO was an independent predictor
of increased cardiovascular risk in patients with psoriasis, even after adjustment for classical
risk factors [127]. Consistent results obtained in the study by Sun et al. confirm elevated
TMAQO levels in patients with psoriasis. Additionally, a significant correlation between
TMAO and PASI scores and elevated concentrations of the TMAO precursor betaine in the
psoriatic group have been found [128]. One of the most common complications of psoriasis
is psoriatic arthritis (PsA). So far, there has been one study describing the role of circulating
TMAO in PsA. According to the authors, there are significant positive correlations between
TMAQO levels and the severity of the disease, as measured by both skin and joint activity
scores. Additionally, a positive correlation between TMAOQO levels and CRP levels has been
found, which supports the proinflammatory role of TMAO [129].

TMAO concentration was increased in HS patients and correlated with disease severity
(r = 0.57). This association was still evident after adjusting for common confounding
covariates [130]. Both psoriasis and hidradenitis suppurativa are considered to increase
cardiovascular risk and have similar comorbidities, including diabetes, hypertension,
dyslipidemia, and inflammatory bowel diseases [131,132]. All the facts mentioned above
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suggest that an elevated TMAO level may not only affect the course of inflammatory skin
diseases but can also modify their comorbidities.

TMAO impacts the pathogenesis of autoimmune- and immune-mediated diseases.
Elevated TMAO levels affect patients with systemic lupus erythematosus (SLE), one of
the most recognizable autoimmune diseases [133]. In a recent study, Gonzalez-Correa
et al. found that increased TMA and TMAO levels (5- and 8-fold, respectively) similarly
occurred in a mouse model of SLE compared to the control group. Furthermore, they also
discovered that a reduction in TMAOQ levels induced by the use of the trimethylamine
lyase inhibitor 3,3-dimethyl-1-butanol (DMB), which inhibits bacterial synthesis of TMA,
is related to a marked reduction in both TMA and TMAO and a less severe course of the
disease in the animal model [134]. Decreased TMAO levels induced by DMB are associated
with a reduction in proteinuria and inhibition of the development of hypertension induced
by IMQ. It is also connected with the partial prevention of the increased plasma anti-
dsDNA autoantibodies and IFNo« mRNA levels, and normalization of T-cell imbalance.
Additionally, strong positive correlations have been found between TMAO and systolic
blood pressure and anti-dsDNA in plasma. DMB treatment has restored nrf2 levels and
downstream antioxidant enzymes, suggesting nfr2 downregulation is distinctive for higher
TMAO levels and can contribute to oxidative stress in this fashion [134]. Despite these
interesting results, the exact mechanism remains elusive.

To date, TMAO levels in systemic sclerosis (SSc) have not been studied yet. It is
only known that elevated levels of the TMAO precursor, betaine, have been observed in
this disorder [135]. However, recently, some engaging results have appeared from pre-
clinical studies on the impact of TMAO on fibrosis in systemic sclerosis and skin physiology.
TMAO can induce myofibroblast differentiation [136]. In isolated human fibroblasts, TMAO
substantially increased cellular F-actin fibers and the expression of the genes responsible
for the production of procollagen I and fibronectin [136]. Furthermore, skin fibroblasts
exposed to TMAO were characterized by an increase in the secretion of TGF-f1, fibronectin,
and procollagen I [136]. Additionally, the skin of SSc patients was characterized by 1.69- to
4.29-fold-higher FMO3 expression compared to control skin [137-139], which suggests that
cell autonomous upregulation of FMO3 in SSc fibroblasts might contribute to their elevated
collagen production underlying fibrosis.

In graft-versus-host disease (GVHD), in which pathogenesis resembles an autoimmune
disease, TMAO can aggravate severity and mortality. This effect is caused by additional
stimulation of autoreactive allogenic T cells by TMAQO and can be seen in greater cytokine
expression by these cells, especially IFN-y, IL-17, and transcription factors STAT4 and
STAT3 [121].

In spite of the promising results of the mentioned studies, more data are necessary
to understand the role of bacterial metabolite TMAO and take clinical advantage of this
knowledge.

The most important results of studies on metabolites in dermatological diseases are
summarized in Table 1 at the end of the review.

5. Future Perspectives

The field of intestinal microbiota metabolites is rapidly developing. A comprehensive
description of available data on lesser-known metabolites is beyond the scope of this review.
However, it is worth mentioning bile salts, the group of secondary bile acids modified
in the gut by microbiota. These compounds are recognized as anti-inflammatory factors,
and their positive effects can potentially decrease the severity of psoriasis and atopic
dermatitis [140-143].

The mentioned studies emphasize the role of the microbiome and its metabolites in
the pathogenesis of various conditions. Consequently, modifying microbiota seems to be a
promising therapeutical option (Figure 2).

Treatment alternatives may include direct modifications of microbiota, indirect modifi-
cations, or only supplementation of beneficial metabolites (Figure 2). Direct modifications
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include the administration of probiotics or fecal microbiota transplantation (FMT). Indirect
modification can be focused on the administration of dietary elements, so-called prebiotics,
which can be metabolized by bacteria for nutritional purposes. Prebiotics can favor some
beneficial bacterial strains and be precursors of health-promoting bacterial metabolites.
One novel approach involves the direct use of beneficial bacterial metabolites, especially
SCFAs. Health supplements composed of beneficial metabolites are termed postbiotics. The
mentioned methods in the context of dermatological conditions are briefly discussed below.

Dietary intake of

usable by microbiota Metabolisation Absorption of
compounds by microbiota metabolites
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Figure 2. Production of microbiota metabolites and potential treatment options at various steps of this
process. Ingested food is rich in compounds that can be utilized by intestinal microbiota. End products
of microbiota metabolism are absorbed into the circulation. 1. Prebiotics, e.g., fructooligosaccharides
and inulins, can be supplemented to achieve growth of beneficial microorganisms and an increase in
production of eligible metabolites. 2. Probiotics. 3. Fecal microbiota transplantation is carried out
with the aim to replace pathogenic bacteria with health-promoting ones. 4. Postbiotics consist of
favorable metabolites of intestinal microbiota. Created with BioRender.com.

5.1. Prebiotics

Prebiotics are dietary ingredients that support the growth or activity of beneficial bac-
teria. This group consists of various dietary-derived substances such as galactooligosaccha-
rides, fructooligosaccharides, fiber, beta-glucans, pectins, gums, resistant starch, etc. [144].
Supplementation of such substances can potentially be useful in the management of dys-
biosis [145]. In addition, human milk oligosaccharides support infants” development of
a balanced gut microbiota composition; this is interpreted by some as a risk factor for
allergies [146]. The beneficial impact of prebiotics can be a result of an increase in the
production of health-promoting bacterial metabolites, i.e., SCFAs [147].

Benefits from the supplementation of prebiotics are most marked in atopic dermatitis.
Prebiotic treatment significantly decreased the incidence of AD in patients, according to
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a meta-analysis of 22 clinical trials using prebiotics in newborns to avoid allergies [148].
Although some trials have indicated encouraging outcomes, there is little information
available about the effectiveness of prebiotics in the treatment of AD. However, two
modestly sized randomized controlled trials reported an improvement in symptoms of the
disease [149,150].

In the context of allergy, there is some evidence of the beneficial role of prebiotics in the
prevention of such diseases [151]. In line with this, the World Allergy Organization advises
prebiotic supplementation in newborns who are not exclusively breastfed, emphasizing
that the quality of the evidence is poor [152].

For autoimmune diseases, the evidence is even more scarce. However, studies in
psoriasis and systemic lupus erythematosus found that supplementation of synbiotics con-
taining fructooligosaccharides can alleviate disease symptoms and improve inflammatory
status [153,154].

Despite the limited data, prebiotics have an excellent safety profile with no notable
adverse effects reported in the revised literature.

5.2. Probiotics

Probiotics are living microorganisms that, when given in sufficient quantities, have
a positive impact on the host organism [155]. The effects of probiotics seem to be strain-
and dose-dependent, and with a multitude of bacterial genera, these aspects make research
particularly hard to interpret [156]. Despite this knowledge, recommendations published
by the most recognized scientific societies often consider the effect of probiotics as a
group, neglecting their wide heterogeneity. However, recent studies report that this group
potentially can be applied in many fields of dermatology.

Several large-cohort randomized controlled trials have investigated the value of oral
probiotics for the treatment and prevention of AD. A recent meta-analysis of eleven ran-
domized controlled trials including 2572 infants found that intake of Lactobacillus rhamnosus
during pregnancy and thereafter significantly lowered the risk of developing AD when
assessed at 2 years out and 6-7 years out (RR 0.60 and RR 0.62, respectively) [157]. What
is more, the results from other meta-analyses support the use of oral probiotics for the
treatment of AD both in children and adults [158-160]. The mixture of strains Bifidobac-
terium animalis subsp lactis CECT 8145, Bifidobacterium longum CECT 7347, and Lactobacillus
casei CECT 9104 was associated with the best results in the pediatric population, and the
mixture of Lactobacillus salivarius LS01 and Bifidobacterium breve BRO3 has the best results in
adults [158-160]. Similar to AD, some probiotics may be effective in the prevention and
treatment of allergies [161,162].

The beneficial effects of probiotics in autoimmune- and immune-mediated diseases
appear to be connected to a decline in pro-inflammatory indicators, such as the production
of IL-6 and CRP or the activation of Th1l and Th17 cells [163]. Additionally, recent studies
imply that an anti-inflammatory effect of probiotics may result from their ability to improve
gut permeability [164]. In contrast to findings in allergy and atopic dermatitis, the impact of
this group on the prevention of autoimmunity is still poorly understood, despite the recent
research suggesting that probiotics may also be helpful in this indication. Administration
of some bacterial strains has been associated with protection against induced encephalitis
in mouse models [165]. In the context of the treatment, available human research indicates
that certain bacterial strains may be helpful in several dermatological disorders, such as
psoriasis, SLE, and SSc.

Several randomized controlled studies have investigated the effectiveness of oral
probiotics for the treatment of psoriasis. In one of them, administration of a multi-strain
mixture including Lactobacillus acidophilus, Bifidobacterium bifidum, Bifidobacterium lactis, and
Bifidobacterium longum with 1.8 x 10° colony-forming units (CFUs) led to a significant
decrease in PASI, Psoriasis Symptom Scale, and DLQI scores compared to the placebo
group (MD —5.55, —4.84 and —9.87, respectively) [166]. Additionally, the intervention was
linked to a notable reduction in inflammatory markers, including hs-CRP and IL-6, as well
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as an increase in total antioxidant capacity [166]. The use of Streptococcus salivarius K-12
was also associated with a significant reduction in psoriasis symptoms [167]. The PASI 75,
PASI 90, and PASI 100 response was achieved in 84%, 75%, and 55% of patients in the study
group, respectively, compared to 42.8%, 30%, and 12.4% in the control group [167].

Apart from the improvement in PASI, a multi-strain preparation contributed to a
decrease in inflammatory markers and an enhanced gut barrier, which was measured as
lipopolysaccharide (LPS) translocation [168].

Probiotics have also been shown to have a beneficial impact on SLE in a recent ran-
domized, double-blind, placebo-controlled trial [154]. The intervention included the admin-
istration of a preparation consisting of fructooligosaccharides and a mixture of Lactobacillus
and Bifidobacterium strains. In the study group, after 60 days of supplementation of the
preparation, significantly lower hs-CRP levels and a decrease in the IL-6 and SLE disease
activity index 2K was noticed [154]. Interestingly, significant increases in butanoate or bu-
tyrate metabolism were seen in the post-synbiotic group and pre-synbiotic group compared
to the pre-intervention-administered preparation group and the placebo group, according
to functional prediction based on gut microbiota profiling [154].

Probiotics are not only beneficial in decreasing the severity of a disease, but they
can also alleviate gastrointestinal symptoms. Despite having no effect on disease activity,
probiotics were linked to an improvement in reflux symptoms in SSc patients [169].

5.3. Fecal Microbiota Transplantation

FMT is the most direct way of restoring the balance of the gut microbiota. Most data
in dermatology come from FMT in atopic dermatitis. AD therapy with FMT has shown
promising results. Zhou et al. reported a case of complete remission of AD in a 31-year-old
female patient with concomitant functional constipation after FMT. It has also been noticed
that the clinical improvement was accompanied by changes in the gut microbiota, especially
a decrease in the abundance of bacteria involved in metabolic disorders and those that
promote inflammation [170]. Due to the case report character of this study, the conclusions
on the efficacy of FMT for treating AD are limited. A cross-over pilot study that included
nine participants with moderate or severe AD showed a marked reduction in symptoms
as measured by SCORAD score. The average SCORAD score decreased by approximately
85%. A 50% and 75% decrease in the SCORAD score was obtained by seven and six patients,
respectively [171]. Furthermore, during the follow-up period, the frequency of weekly
topical corticosteroid use decreased by 90% [171]. It was also observed that the higher the
similarity between the microbiome of donors and the patients after FMT, the better the
clinical improvement [171]. A study carried out by Zou et al. showed the long-term safety
of FMT in AD in children. In a group of six children with AD, they observed the peak
SCORAD score decrease after 3 months after FMT, followed by a gradual increase after the
6th month [172]. Three clinical remissions (defined as SCORAD < 5 or a decrease of more
than 30 points) and two clinical improvements (defined as a decrease in the SCORAD index
of more than 10 points) were observed then. What is notable about the mentioned studies
is the fact that no adverse events were noted and FMT was considered a safe procedure.

Promising results for the use of FMT in SLE come from a study by Huang et al. FMT
was performed in 19 patients with SLE failing to respond to usual therapy for 8 weeks.
After the intervention, there was observed a significant reduction in the mean SLEDAI-2K
score from 9.45 & 3.97 to 6.61 £ 4.43 at baseline. At the primary endpoint of week 12 after
FMT, SRI-4 response was reached by 42.12% of patients, and a significant decrease in the
level of serum anti-dsDNA antibodies was observed [173]. Furthermore, the microbiota of
the patients increased in diversity, especially in SCFA-producing genera, and fecal SCFAs
concentrations rose [173]. These results suggest that an induced increase in exposure to
SCFAs can be at least partially related to clinical improvement.

In contrast, in research on the impact of FMT on SSc, no significant difference in
SCFA concentrations after FMT was noticed [174]. However, FMT was found to relieve
gastrointestinal symptoms, which are common complications of SSc [174].
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Despite primary success in the case of a patient successfully treated with FMT [175],
less encouraging results have been provided by Kragsnaes et al. in their study on FMT in
psoriatic arthritis [176]. The study group consisted of 15 and 16 volunteers in FMT and
placebo groups, respectively. FMT was found to slightly increase treatment failure, defined
as a worsening of symptoms that required enhancement of the treatment [176].

Data on other immune-mediated skin conditions are limited. For psoriasis, there is a
case report of a 36-year-old man who experienced an improvement in received the body
surface area (BSA), PASI, dermatology life quality index (DLQI), intestinal symptoms, and
serum level of TNF after FMT [177].

What is notable about the studies described above is that the FMT procedure was
considered safe and the noticed adverse events were mild and transient, i.e., diarrhea,
bloating, and abdominal pain 170-173,176]. Two major adverse effects in the form of
duodenal perforation and laryngeal spasm were observed only in the SSc study [174]. Of
note, adverse events were significantly method-dependent and endoscopic microbiota
transplantation was associated with greater complications than transplantation with the
use of capsulated microbial concentration [170-173,176].

It is worth noticing that there is still little information available on donor matching,
which appears to be the most important factor in the context of the therapeutic success of
FMT. The donor is chosen intuitively by the exclusion of potentially contagious infections
rather than based on specific tests, which could potentially indicate the most adequate
combination of donor and recipient. Additionally, there are currently no relevant standards
for screening donor microbiota. The more we know about factors influencing the response
to FMT, the better clinical results can be achieved.

5.4. Postbiotics

It is still barely known how the administration of bacterial metabolites affects human
health. However, there is a whole range of supplements available on the market, espe-
cially those based on sodium butyrate. Even now, there are no data on the use of such
supplements in dermatology. Available human studies prove that oral administration of
SCFAs is safe and can be beneficial for health. In metabolic syndrome, after 4 weeks of oral
administration of 4 g of butyrate, a dampened response of macrophages to oxLDL, which
manifested as decreased TNF and IL-6 production, was observed [178].

Encouraging results come from randomized, placebo-controlled studies on type 2
diabetes, which is a common complication of certain dermatological diseases, e.g., pso-
riasis and psoriatic arthritis [179,180]. Butyrate taken in 600 mg daily doses significantly
decreased oxidative stress by increasing the total antioxidant capacity (TAC) and activ-
ity of superoxide dismutase (SOD) of the blood [181]. Furthermore, butyrate exerted an
anti-inflammatory effect by reducing the amount of hs-CRP, TNF expression, fasting blood
glucose, and inflammasome-associated proteins, which suggests that butyrate can sup-
press low-grade inflammation associated with diabetes [182,183]. Similarly to butyrate,
propionate supplementation was found to decrease fasting glucose and improve insulin
sensitivity and the lipid profile in obese adults [184-186]. Additionally, propionate admin-
istration was related to an increase in resting energy expenditure and lipid oxidation in
fasted humans [187].

Interestingly, in the case of Trp metabolites, there are several human studies available,
especially on the effects of supplementation of indole-3-carbinol (I3C). I3C is considered
a dietary product rather than a bacterial metabolite. However, it is known that indole-3-
carbinol can be converted into indole-3-aldehyde and vice versa [188,189]. It has been found
that supplementation of I3C is an effective and valuable adjuvant treatment, especially in
HPV-associated infections, i.e., recurrent respiratory papillomatosis and vulvar intraepithe-
lial neoplasia [190,191]. The administration of I3C’s precursor, 3,3-Diindolylmethane, has
been found to induce regression of cervical intraepithelial neoplasia [192]. Although these
results are promising, no human studies have been conducted on the effects of other indole
metabolites.
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Table 1. A review of studies available on the subject of the impact of intestinal microbiota metabolites

on dermatological conditions.

References Disease Studied Model Main Findings
Short-chain fatty acids (SCFAs)
Topical administration of sodium butyrate (SB)
.. . reduced symptoms of psoriasis-like skin
 eiasis Hop st inflammation
inpﬂamma tion mouse Topical SB increased the number and activity of Treg
Schwarz et al. [61] Psoriasis model cells, IL-10 transcription, and decreased IL-17
. transcription in the skin of a mouse model
skin biopsies from . L
atients with psoriasis SB increased the transcription of IL-10 and
p p decreased the transcription of IL-6 and IL-17 in
human skin biopsies
Ex vivo treatment with SB caused a reduction in
skin biopsies from IL-17 and IL-6, and an upregulation of IL-10
Krejner et al. [62] Psoriasis P transcription in skin biopsies

Rodriguez-Carrio
etal. [67]

Sanchez et al. [28]

He et al. [68]

Patrone et al. [69]

Park et al. [71]

Reddel et al. [35]

Nylund et al. [36]

Song et al. [39]

Lee et al. [38]

Roduit et al. [40]

Systemic lupus
erythematosus

Systemic lupus
erythematosus

Systemic lupus
erythematosus

Systemic
sclerosis

Systemic
sclerosis

Atopic
dermatitis

Atopic
dermatitis

Atopic
dermatitis

Atopic
dermatitis

Atopic
dermatitis

patients with psoriasis

21 SLE patients, 25
healthy individuals

MRL/lpr and NZB/W
F1
lupus-prone mice

MRL/lpr lupus-prone
mice

18 SSc patients,
9 healthy subjects

bleomycin-induced
fibrosis mouse model of
SSc,
human dermal
fibroblasts
19 children with AD
and 18 healthy
individuals
28 infants with atopic
dermatitis and 11
healthy
infants

90 patients with AD and
42 volunteers without
AD

234 patients with mild to
severe AD, 112 non-AD
subjects

301 one-year-old
children

Skin with psoriasis has decreased expression of
GPR109a and GPR43, SB upregulates these receptors
Fecal acetate and propionate are higher in patients
with SLE compared to controls
Dysbiosis in SLE patients
Oral mixture of sodium butyrate and sodium
propionate reduced local and systemic antibody
responses
Orally administered SCFAsT reduced lupus skin
lesions and kidney pathology
Reduction in microbial diversity in the SLE mouse
model
Oral administration of SB reduced renal
histopathological changes and increased microbiota
diversity
Dysbiosis manifested as a decrease in
butyrate-producing genera more prominent in
patients with gastrointestinal involvement

SB administered orally or subcutaneously reduced
bleomycin-induced dermal and lung fibrosis
SB treatment inhibits TGF-p1-induced fibrotic
responses in human dermal fibroblasts

AD was characterized by dysbiosis, especially
manifested in the depletion of butyrate-producing
bacteria

Less severe eczema was associated with increased
butyrate-producing bacterial abundance and
microbiome diversity

Decreased fecal level of butyrate and propionate in
AD patients
Some subspecies of Faecalibacterium prausnitzii are
linked with AD
Diversity of the microbiota in moderate to severe
AD was significantly lower than in non-AD
Disordered gut microbiota development in AD was
associated with dysregulated SCFA production
Children with the highest fecal levels of butyrate
and propionate were less prone to atopic
sensitization and were less likely to develop asthma
between the ages of 3 and 6
Food allergies and allergic rhinitis were less
common in children with the highest butyrate levels

35



Int. . Mol. Sci. 2023, 24, 3494

15 of 25

Table 1. Cont.

References Disease Studied Model Main Findings
Atopic Low fecal butyric acid was associated with an
Cheng et al. [42] pIc. 75 infants increased risk of developing atopic dermatitis, food
& dermatitis Pig atop
sensitization, and wheezing up to 8 years old
Atopic A lower level of valeric acid at 3 years of age was
Gio-Batta et al. [44] derm}:ti tis 65 infants associated with a higher prevalence of atopic eczema
at the age of 8 years
. Atopic 110 one-year-old Eczema at 13 years of age was inversely correlated
Gio-Batta etal. [4] dermatitis children with the amount of fecal valeric acid at 1 year of age
Folkerts et al. [52] Allergy Human mast cells Propionate and butyrate inhibited IgE- and

Schwarz et al. [57]

Trompette et al.
[33]

Contact dermatitis

Atopic dermatitis

sensitized C57BL/6]
mice

atopic dermatitis-like
skin inflammation
mouse model

non-IgE-dependent human mast cell degranulation
Sodium butyrate (SB) administered topically or
subcutaneously inhibited both the elicitation phase
and ongoing contact hypersensitivity response
SB induced the anti-inflammatory response via an
increase in the number of skin Treg cells and an
increase in IL-10 transcription
Fermentable fiber-rich diet or orally administered
sodium butyrate alleviate systemic allergen
sensitization and disease severity
Oral butyrate stimulates terminal differentiation of
epidermal keratinocytes and promotes skin barrier
function

Tryptophan metabolites

Tsuji et al. [86]

Aoki et al. [89]

Fang et al. [97]

Yu et al. [81]

Atopic dermatitis

UVB-induced skin
damage

Atopic dermatitis

Atopic dermatitis

normal human
epidermal keratinocytes

HR-1 mice,
HaCaT keratinocytes

87 patients with atopic
dermatitis,
sensitized female
C57BL/6 mice

19 patients with AD,
19 healthy volunteers,
sensitized C57BL/6 and
BALB/c mice

The activation of AHR by tryptophane metabolite
significantly increased filaggrin expression
FICZ reversed the IL-4-induced downregulation in
transcription and protein levels of filaggrin
Topical application of indole-3-pyruvate reduced the
severity of UVB-induced skin lesions, the
augmentation of dermal thickness, and
transepithelial water loss
Suppression of the overproduction of IL-1b and IL-6
in response to UVB radiation in a mouse model
Indole-3-pyruvate improved the survival rate and
reduced the expression of IL-1b and IL-6 in
UVB-exposed HaCaT keratinocytes
Bifidobacterium longum probiotic treatment increased
serum and fecal indole-3-carbaldehyde, significantly
reduced AD symptoms
Indole-3-carbaldehyde displayed a significant
negative correlation with atopic dermatitis severity
measured in both SCORAD and DLQI
Oral administration of indole-3-carbaldehyde
alleviated AD-like skin lesions in sensitized mice
Decreased indole-3-aldehyde was observed in both
lesional and non-lesional skin of AD patients
Topical and orally administered indole-3-aldehyde
attenuated MC903-induced AD-like dermatitis in
mouse and decreased expression of IL-4, IL-5, IL-6,
IL-13, and TSLP
Topically administered indole-3-aldehyde reduced
inflammatory cell infiltration in mice
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Table 1. Cont.

References

Kiyomatsu-Oda
etal. [100]

Singh et al. [104]

Shinde et al. [108]

Disease Studied Model Main Findings
Tryptophan metabolite FICZ improved symptoms of
. AD-like dermatitis, decreased TEWL, restored
NC/Nga mice,

Atopic dermatitis

Delayed-type
hypersensitivity

Systemic lupus
erythematosus

HaCaT cells and normal
human epidermal
keratinocytes (NHEKS)

Sensitized C57BL/6
mice

48 patients with active
SLE, 24 patients with
SLE in remission, and 20
control subjects

filaggrin expression, reduced the number of
infiltrated mast cells, and reduced expression of
IL-22 and IFN-y genes in a mouse model
FICZ upregulated expression and abundance of
filaggrin in HaCaT and NHEKSs cells
Topical administration of indole-3-carbinol and
3,3’—diindolylmethane alleviated symptoms,
triggered induction of Tregs, and suppressed Th17
cells of delayed-type
hypersensitivity in a mouse model
FICZ exacerbated disease in a mouse model and
suppressed Treg cells

Serum indole-3-propionic acid was significantly
higher
than in the control group

Trimethylamine N-oxide (TMAO)

Sikora et al. [127]

Sun et al. [128]

Coras et al. [129]

Barea et al. [130]

Lietal. [133]

Gonzalez-Correa
etal. [134]

Wu et al. [121]

Psoriasis

Psoriasis

Psoriatic arthritis

Hidradenitis
suppurativa

Systemic lupus
erythematosus

Systemic lupus
erythematosus

Graft-versus-host

disease

72 patients with
psoriasis and 40
matched controls

180 patients with
psoriasis, 60 healthy
controls

38 patients with
psoriatic arthritis

35 patients with
hidradenitis suppurativa
and 35 matched
controls

17 patients with SLE and
17 healthy controls

Imiquimod-induced
mouse model of SLE

C57BL/6 and BALB/c
mice

In patients with psoriasis, serum TMAO was
significantly higher than in the control group
TMAO was found to be an independent predictor
of cardiovascular risk
Psoriatic patients had significantly higher serum
levels of TMAO compared to controls
TMAO had a positive correlation with PASI score
Serum TMAO demonstrated a significant correlation
with indicators of disease activity for the skin and
peripheral joints
Patients had increased serum TMAO levels
compared to controls
The level of circulating TMAO correlated positively
with the HS Sartorius score also after adjustment for
confounding factors
Serum TMAO levels and PhA were the two primary
indicators of the clinical severity of HS based on a
linear
regression model
Serum levels of trimethylamine N-oxide (TMAO)
were found to be elevated in lupus patients
compared to controls
Plasma TMAO concentrations were significantly
elevated in the serum of active systemic lupus
erythematosus patients
Induced by oral administration elevation of plasma
TMAO was associated with worse course and
survival
of graft-versus-host disease

6. Conclusions

Taking into consideration that various microbiota metabolites have opposite functional
properties, an approach based on multi-metabolite analysis and correlation with metage-
nomic analysis of the gut microbiota appears to be a particularly interesting direction for
future research.

Intestinal microbiota metabolites have a significant impact on the pathogenic processes
in dermatological diseases. SCFAs and indole-derived metabolites seem to act via their
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immunomodulatory and anti-inflammatory properties. Amine derivatives, particularly
TMAOQO, can accelerate the progression of diseases and contribute to the development of
complications because of their pro-inflammatory activity. Thus, modifications of microbiota,
which may alter the metabolite concentrations, are a promising therapeutic option for sev-
eral inflammatory dermatological diseases, potentially exhibiting a very good safety profile.

Author Contributions: Conceptualization, A.S., L.R. and M.S.; writing—original draft preparation,
AS., K.P-S. and M.S,; writing—review and editing M.M. (Magdalena Maciejewska), M.M. (Milena
Michalska), E.S. and L.R; visualization, A.S., K.P--S., E.S. and M.M. (Milena Michalska); supervision,
L.R. and M.S,; funding acquisition, A.S., L.R. and M.S. All authors have read and agreed to the
published version of the manuscript.

Funding: Publication financed by the Medical University of Warsaw as part of the Time 2 MUW
project (agreement number: POWR.03.05.00-00-Z040/18-00).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ipci, K,; Altintoprak, N.; Muluk, N.B.; Senturk, M.; Cingi, C. The possible mechanisms of the human microbiome in allergic
diseases. Eur. Arch. Otorhinolaryngol. 2017, 274, 617-626. [CrossRef] [PubMed]

2. Alesa, D.I; Alshamrani, H.M.; Alzahrani, Y.A.; Alamssi, D.N.; Alzahrani, N.S.; Almohammadi, M.E. The role of gut microbiome
in the pathogenesis of psoriasis and the therapeutic effects of probiotics. J. Family Med. Prim. Care 2019, 8, 3496-3503. [CrossRef]
[PubMed]

3. Myers, B.; Brownstone, N.; Reddy, V.; Chan, S.; Thibodeaux, Q.; Truong, A.; Bhutani, T.; Chang, HW.; Liao, W. The gut microbiome
in psoriasis and psoriatic arthritis. Best Pract. Res. Clin. Rheumatol. 2019, 33, 101494. [CrossRef] [PubMed]

4. Sikora, M.; Stec, A.; Chrabaszcz, M.; Knot, A.; Waskiel-Burnat, A.; Rakowska, A.; Olszewska, M.; Rudnicka, L. Gut Microbiome in
Psoriasis: An Updated Review. Pathogens 2020, 9, 463. [CrossRef]

5. Hevia, A.; Milani, C.; Lopez, P.; Cuervo, A.; Arboleya, S.; Duranti, S.; Turroni, F; Gonzalez, S.; Suarez, A.; Gueimonde, M.; et al.
Intestinal dysbiosis associated with systemic lupus erythematosus. MBio 2014, 5, €01548-14. [CrossRef]

6. Lam, S.Y.; Radjabzadeh, D.; Eppinga, H.; Nossent, Y.R.A.; van der Zee, H.H.; Kraaij, R.; Konstantinov, S.R.; Fuhler, G.M.; Prens,
E.P; Thio, H.B.; et al. A microbiome study to explore the gut-skin axis in hidradenitis suppurativa. J. Dermatol. Sci. 2021, 101,
218-220. [CrossRef]

7. Pothmann, A.; Illing, T.; Wiegand, C.; Hartmann, A.A.; Elsner, P. The Microbiome and Atopic Dermatitis: A Review. Am. J. Clin.
Dermatol. 2019, 20, 749-761. [CrossRef]

8. Volkmann, E.R.; Chang, Y.L.; Barroso, N.; Furst, D.E.; Clements, PJ.; Gorn, A.H.; Roth, B.E.; Conklin, J.L.; Getzug, T.; Borneman, J.;
et al. Association of Systemic Sclerosis With a Unique Colonic Microbial Consortium. Arthritis Rheumatol. 2016, 68, 1483-1492.
[CrossRef]

9.  Volkmann, E.R.; Hoffmann-Vold, A.M.; Chang, Y.L.; Jacobs, J.P.; Tillisch, K.; Mayer, E.A.; Clements, PJ.; Hov, ].R.; Kummen, M.;
Midtvedt, J.; et al. Systemic sclerosis is associated with specific alterations in gastrointestinal microbiota in two independent
cohorts. BM] Open Gastroenterol. 2017, 4, e€000134. [CrossRef]

10. Brown, J.; Robusto, B.; Morel, L. Intestinal Dysbiosis and Tryptophan Metabolism in Autoimmunity. Front. Immunol. 2020, 11,
1741. [CrossRef]

11. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P,; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, PJ.; et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451-455.
[CrossRef] [PubMed]

12.  Kobayashi, N.; Takahashi, D.; Takano, S.; Kimura, S.; Hase, K. The Roles of Peyer’s Patches and Microfold Cells in the Gut
Immune System: Relevance to Autoimmune Diseases. Front. Immunol. 2019, 10, 2345. [CrossRef] [PubMed]

13. Garabatos, N.; Santamaria, P. Gut Microbial Antigenic Mimicry in Autoimmunity. Front. Immunol. 2022, 13, 873607. [CrossRef]

14. Yao, Y. Cai, X;; Fei, W,; Ye, Y.; Zhao, M.; Zheng, C. The role of short-chain fatty acids in immunity, inflammation and metabolism.
Crit. Rev. Food Sci. Nutr. 2022, 62, 1-12. [CrossRef]

15. Gatarek, P.; Kaluzna-Czaplinska, J. Trimethylamine N-oxide (TMAO) in human health. EXCLI |. 2021, 20, 301-319. [CrossRef]

16. Kimura, I; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free Fatty Acid Receptors in Health and Disease. Physiol. Rev. 2020,
100, 171-210. [CrossRef] [PubMed]

17.  Szelest, M.; Walczak, K.; Plech, T. A New Insight into the Potential Role of Tryptophan-Derived AhR Ligands in Skin Physiological

and Pathological Processes. Int. J. Mol. Sci. 2021, 22, 1104. [CrossRef]

38


http://doi.org/10.1007/s00405-016-4058-6
http://www.ncbi.nlm.nih.gov/pubmed/27115907
http://doi.org/10.4103/jfmpc.jfmpc_709_19
http://www.ncbi.nlm.nih.gov/pubmed/31803643
http://doi.org/10.1016/j.berh.2020.101494
http://www.ncbi.nlm.nih.gov/pubmed/32360228
http://doi.org/10.3390/pathogens9060463
http://doi.org/10.1128/mBio.01548-14
http://doi.org/10.1016/j.jdermsci.2020.12.008
http://doi.org/10.1007/s40257-019-00467-1
http://doi.org/10.1002/art.39572
http://doi.org/10.1136/bmjgast-2017-000134
http://doi.org/10.3389/fimmu.2020.01741
http://doi.org/10.1038/nature12726
http://www.ncbi.nlm.nih.gov/pubmed/24226773
http://doi.org/10.3389/fimmu.2019.02345
http://www.ncbi.nlm.nih.gov/pubmed/31649668
http://doi.org/10.3389/fimmu.2022.873607
http://doi.org/10.1080/10408398.2020.1854675
http://doi.org/10.17179/excli2020-3239
http://doi.org/10.1152/physrev.00041.2018
http://www.ncbi.nlm.nih.gov/pubmed/31487233
http://doi.org/10.3390/ijms22031104

Int. . Mol. Sci. 2023, 24, 3494 18 of 25

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chen, S.; Henderson, A.; Petriello, M.C.; Romano, K.A.; Gearing, M.; Miao, J.; Schell, M.; Sandoval-Espinola, W.J.; Tao, J.;
Sha, B.; et al. Trimethylamine N-Oxide Binds and Activates PERK to Promote Metabolic Dysfunction. Cell Metab. 2019, 30,
1141-1151.e1145. [CrossRef]

De Pessemier, B.; Grine, L.; Debaere, M.; Maes, A.; Paetzold, B.; Callewaert, C. Gut-Skin Axis: Current Knowledge of the
Interrelationship between Microbial Dysbiosis and Skin Conditions. Microorganisms 2021, 9, 353. [CrossRef]

Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty acids in health and
disease. Adv. Immunol. 2014, 121, 91-119. [CrossRef]

Kebede, A.F,; Nieborak, A.; Shahidian, L.Z.; Le Gras, S.; Richter, F; Gomez, D.A.; Baltissen, M.P.; Meszaros, G.; Magliarelli, H.F,;
Taudt, A.; et al. Histone propionylation is a mark of active chromatin. Nat. Struct. Mol. Biol. 2017, 24, 1048-1056. [CrossRef]
[PubMed]

Usami, M.; Kishimoto, K.; Ohata, A.; Miyoshi, M.; Aoyama, M.; Fueda, Y.; Kotani, J. Butyrate and trichostatin A attenuate nuclear
factor kappaB activation and tumor necrosis factor alpha secretion and increase prostaglandin E2 secretion in human peripheral
blood mononuclear cells. Nutr. Res. 2008, 28, 321-328. [CrossRef] [PubMed]

Kim, C.H. Control of lymphocyte functions by gut microbiota-derived short-chain fatty acids. Cell Mol. Immunol. 2021, 18,
1161-1171. [CrossRef]

Smith, P.M.; Howitt, M.R,; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly, Y.M.; Glickman, ].N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569-573. [CrossRef]

Takahashi, D.; Hoshina, N.; Kabumoto, Y.; Maeda, Y.; Suzuki, A.; Tanabe, H.; Isobe, J.; Yamada, T.; Muroi, K.; Yanagisawa, Y.; et al.
Microbiota-derived butyrate limits the autoimmune response by promoting the differentiation of follicular regulatory T cells.
EBioMedicine 2020, 58, 102913. [CrossRef]

He, J.; Chu, Y,; Li, J.; Meng, Q.; Liu, Y.; Jin, J.; Wang, Y.; Wang, J.; Huang, B.; Shi, L.; et al. Intestinal butyrate-metabolizing
species contribute to autoantibody production and bone erosion in rheumatoid arthritis. Sci. Adv. 2022, 8, eabm1511. [CrossRef]
[PubMed]

Singh, N.; Gurav, A,; Sivaprakasam, S.; Brady, E.; Padia, R.; Shi, H.; Thangaraju, M.; Prasad, P.D.; Manicassamy, S.; Munn, D.H.;
et al. Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses colonic inflammation and
carcinogenesis. Immunity 2014, 40, 128-139. [CrossRef]

Sanchez, H.N.; Moroney, ].B.; Gan, H.; Shen, T.; Im, ].L.; Li, T.; Taylor, J.R.; Zan, H.; Casali, P. B cell-intrinsic epigenetic modulation
of antibody responses by dietary fiber-derived short-chain fatty acids. Nat. Commun. 2020, 11, 60. [CrossRef]

Yao, Y.; Cai, X.; Zheng, Y.; Zhang, M.; Fei, W.; Sun, D.; Zhao, M.; Ye, Y.; Zheng, C. Short-chain fatty acids regulate B cells
differentiation via the FFA2 receptor to alleviate rheumatoid arthritis. Br. ]. Pharmacol. 2022, 179, 4315-4329. [CrossRef]

Luu, M,; Pautz, S.; Kohl, V,; Singh, R.; Romero, R.; Lucas, S.; Hofmann, J.; Raifer, H.; Vachharajani, N.; Carrascosa, L.C.; et al. The
short-chain fatty acid pentanoate suppresses autoimmunity by modulating the metabolic-epigenetic crosstalk in lymphocytes.
Nat. Commun. 2019, 10, 760. [CrossRef]

Yuille, S.; Reichardt, N.; Panda, S.; Dunbar, H.; Mulder, LE. Human gut bacteria as potent class I histone deacetylase inhibitors
in vitro through production of butyric acid and valeric acid. PLoS ONE 2018, 13, e0201073. [CrossRef]

Zhu, TH.; Zhu, TR.; Tran, K.A,; Sivamani, R.K; Shi, V.Y. Epithelial barrier dysfunctions in atopic dermatitis: A skin-gut-lung
model linking microbiome alteration and immune dysregulation. Br. J. Dermatol. 2018, 179, 570-581. [CrossRef] [PubMed]
Trompette, A.; Pernot, J.; Perdijk, O.; Alqahtani, R.A.A.; Domingo, ].S.; Camacho-Munoz, D.; Wong, N.C.; Kendall, A.C,;
Wiederkehr, A.; Nicod, L.P; et al. Gut-derived short-chain fatty acids modulate skin barrier integrity by promoting keratinocyte
metabolism and differentiation. Mucosal Immunol. 2022, 15, 908-926. [CrossRef] [PubMed]

Imokawa, G.; Abe, A.; Jin, K; Higaki, Y.; Kawashima, M.; Hidano, A. Decreased level of ceramides in stratum corneum of atopic
dermatitis: An etiologic factor in atopic dry skin? J. Invest. Dermatol. 1991, 96, 523-526. [CrossRef] [PubMed]

Reddel, S.; Del Chierico, E; Quagliariello, A.; Giancristoforo, S.; Vernocchi, P.; Russo, A.; Fiocchi, A.; Rossi, P.; Putignani, L.; E1
Hachem, M. Gut microbiota profile in children affected by atopic dermatitis and evaluation of intestinal persistence of a probiotic
mixture. Sci. Rep. 2019, 9, 4996. [CrossRef] [PubMed]

Nylund, L.; Nermes, M.; Isolauri, E.; Salminen, S.; de Vos, W.M.; Satokari, R. Severity of atopic disease inversely correlates with
intestinal microbiota diversity and butyrate-producing bacteria. Allergy 2015, 70, 241-244. [CrossRef] [PubMed]

Candela, M.; Rampelli, S.; Turroni, S.; Severgnini, M.; Consolandi, C.; De Bellis, G.; Masetti, R.; Ricci, G.; Pession, A.; Brigidi, P.
Unbalance of intestinal microbiota in atopic children. BMC Microbiol. 2012, 12, 95. [CrossRef]

Lee, M.].; Park, YM.; Kim, B.; Tae, LH.; Kim, N.E.; Pranata, M.; Kim, T.; Won, S.; Kang, N.J.; Lee, Y.K,; et al. Disordered
development of gut microbiome interferes with the establishment of the gut ecosystem during early childhood with atopic
dermatitis. Gut Microbes 2022, 14, 2068366. [CrossRef]

Song, H.; Yoo, Y.; Hwang, J.; Na, Y.C.; Kim, H.S. Faecalibacterium prausnitzii subspecies-level dysbiosis in the human gut
microbiome underlying atopic dermatitis. J. Allergy Clin. Immunol. 2016, 137, 852-860. [CrossRef]

Roduit, C.; Frei, R.; Ferstl, R.; Loeliger, S.; Westermann, P.; Rhyner, C.; Schiavi, E.; Barcik, W.; Rodriguez-Perez, N.; Wawrzyniak,
M.; et al. High levels of butyrate and propionate in early life are associated with protection against atopy. Allergy 2019, 74,
799-809. [CrossRef]

Wopereis, H.; Sim, K.; Shaw, A.; Warner, J.O.; Knol, J.; Kroll, J.S. Intestinal microbiota in infants at high risk for allergy: Effects of
prebiotics and role in eczema development. J. Allerqy Clin. Immunol. 2018, 141, 1334-1342.e1335. [CrossRef] [PubMed]

39


http://doi.org/10.1016/j.cmet.2019.08.021
http://doi.org/10.3390/microorganisms9020353
http://doi.org/10.1016/b978-0-12-800100-4.00003-9
http://doi.org/10.1038/nsmb.3490
http://www.ncbi.nlm.nih.gov/pubmed/29058708
http://doi.org/10.1016/j.nutres.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19083427
http://doi.org/10.1038/s41423-020-00625-0
http://doi.org/10.1126/science.1241165
http://doi.org/10.1016/j.ebiom.2020.102913
http://doi.org/10.1126/sciadv.abm1511
http://www.ncbi.nlm.nih.gov/pubmed/35148177
http://doi.org/10.1016/j.immuni.2013.12.007
http://doi.org/10.1038/s41467-019-13603-6
http://doi.org/10.1111/bph.15852
http://doi.org/10.1038/s41467-019-08711-2
http://doi.org/10.1371/journal.pone.0201073
http://doi.org/10.1111/bjd.16734
http://www.ncbi.nlm.nih.gov/pubmed/29761483
http://doi.org/10.1038/s41385-022-00524-9
http://www.ncbi.nlm.nih.gov/pubmed/35672452
http://doi.org/10.1111/1523-1747.ep12470233
http://www.ncbi.nlm.nih.gov/pubmed/2007790
http://doi.org/10.1038/s41598-019-41149-6
http://www.ncbi.nlm.nih.gov/pubmed/30899033
http://doi.org/10.1111/all.12549
http://www.ncbi.nlm.nih.gov/pubmed/25413686
http://doi.org/10.1186/1471-2180-12-95
http://doi.org/10.1080/19490976.2022.2068366
http://doi.org/10.1016/j.jaci.2015.08.021
http://doi.org/10.1111/all.13660
http://doi.org/10.1016/j.jaci.2017.05.054
http://www.ncbi.nlm.nih.gov/pubmed/28866384

Int. . Mol. Sci. 2023, 24, 3494 19 of 25

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Cheng, H.Y.; Chan, ].C.Y,; Yap, G.C.; Huang, C.H.; Kioh, D.Y.Q.; Tham, E.H.; Loo, E.X.L.; Shek, L.P.C.; Karnani, N.; Goh, A ; et al.
Evaluation of Stool Short Chain Fatty Acids Profiles in the First Year of Life With Childhood Atopy-Related Outcomes. Front.
Allergy 2022, 3, 873168. [CrossRef] [PubMed]

Park, YM.; Lee, S.Y.; Kang, M.].; Kim, B.S.; Lee, M.].; Jung, S.S.; Yoon, ].S.; Cho, H.J.; Lee, E.; Yang, S.I; et al. Imbalance of Gut
Streptococcus, Clostridium, and Akkermansia Determines the Natural Course of Atopic Dermatitis in Infant. Allergy Asthma
Immunol. Res. 2020, 12, 322-337. [CrossRef] [PubMed]

Gio-Batta, M.; Sjoberg, F; Jonsson, K.; Barman, M.; Lundell, A.C.; Adlerberth, I.; Hesselmar, B.; Sandberg, A.S.; Wold, A.E. Fecal
short chain fatty acids in children living on farms and a link between valeric acid and protection from eczema. Sci. Rep. 2020, 10,
22449. [CrossRef] [PubMed]

Gio-Batta, M.; Spetz, K.; Barman, M.; Braback, L.; Norin, E.; Bjorksten, B.; Wold, A.E.; Sandin, A. Low Concentration of Fecal
Valeric Acid at 1 Year of Age Is Linked with Eczema and Food Allergy at 13 Years of Age: Findings from a Swedish Birth Cohort.
Int. Arch. Allergy Immunol. 2022, 183, 398-408. [CrossRef] [PubMed]

Mubanga, M.; Lundholm, C.; D’Onofrio, B.M.; Stratmann, M.; Hedman, A.; Almqvist, C. Association of Early Life Exposure to
Antibiotics With Risk of Atopic Dermatitis in Sweden. JAMA Netw. Open 2021, 4, €215245. [CrossRef] [PubMed]

Slob, E.M.A.; Brew, B.K,; Vijverberg, S.].H.; Kats, C.; Longo, C.; Pijnenburg, M.W.; van Beijsterveldt, T.; Dolan, C.V.; Bartels, M.;
Magnusson, P; et al. Early-life antibiotic use and risk of asthma and eczema: Results of a discordant twin study. Eur. Respir. ].
2020, 55, 1902021. [CrossRef] [PubMed]

Kim, HJ.; Lee, S.H.; Hong, S.J. Antibiotics-Induced Dysbiosis of Intestinal Microbiota Aggravates Atopic Dermatitis in Mice by
Altered Short-Chain Fatty Acids. Allergy Asthma Immunol. Res. 2020, 12, 137-148. [CrossRef] [PubMed]

Palomares, O.; Akdis, M.; Martin-Fontecha, M.; Akdis, C.A. Mechanisms of immune regulation in allergic diseases: The role of
regulatory T and B cells. Immunol. Rev. 2017, 278, 219-236. [CrossRef] [PubMed]

Lee, J.B. Regulation of IgE-Mediated Food Allergy by IL-9 Producing Mucosal Mast Cells and Type 2 Innate Lymphoid Cells.
Immune Netw. 2016, 16, 211-218. [CrossRef] [PubMed]

Yu, W,; Freeland, D.M.H.; Nadeau, K.C. Food allergy: Inmune mechanisms, diagnosis and immunotherapy. Nat. Rev. Immunol.
2016, 16, 751-765. [CrossRef] [PubMed]

Folkerts, J.; Redegeld, F,; Folkerts, G.; Blokhuis, B.; van den Berg, M.P.M.; de Bruijn, M.].W,; van IJcken, W.E; Junt, T.; Tam, S.Y,;
Galli, S.J.; et al. Butyrate inhibits human mast cell activation via epigenetic regulation of FcepsilonRI-mediated signaling. Allergy
2020, 75, 1966-1978. [CrossRef] [PubMed]

Wang, C.C.; Wu, H; Lin, EH.; Gong, R; Xie, F.; Peng, Y.; Feng, J.; Hu, C.H. Sodium butyrate enhances intestinal integrity, inhibits
mast cell activation, inflammatory mediator production and JNK signaling pathway in weaned pigs. Innate Immun. 2018, 24,
40-46. [CrossRef] [PubMed]

Yip, W.; Hughes, M.R;; Li, Y.; Cait, A.; Hirst, M.; Mohn, W.W.; McNagny, K.M. Butyrate Shapes Immune Cell Fate and Function in
Allergic Asthma. Front. Immunol. 2021, 12, 628453. [CrossRef]

Goldberg, M.R.; Mor, H.; Magid Neriya, D.; Magzal, F.; Muller, E.; Appel, M.Y.; Nachshon, L.; Borenstein, E.; Tamir, S.; Louzoun,
Y.; et al. Microbial signature in IgE-mediated food allergies. Genome. Med. 2020, 12, 92. [CrossRef]

Chiu, C.Y.; Cheng, M.L.; Chiang, M.H.; Wang, C.J.; Tsai, M.H.; Lin, G. Integrated metabolic and microbial analysis reveals
host-microbial interactions in IgE-mediated childhood asthma. Sci. Rep. 2021, 11, 23407. [CrossRef]

Schwarz, A.; Bruhs, A.; Schwarz, T. The Short-Chain Fatty Acid Sodium Butyrate Functions as a Regulator of the Skin Immune
System. J. Invest. Dermatol. 2017, 137, 855-864. [CrossRef]

Nakamura, N.; Tamagawa-Mineoka, R.; Ueta, M.; Kinoshita, S.; Katoh, N. Toll-like receptor 3 increases allergic and irritant contact
dermatitis. J. Invest. Dermatol. 2015, 135, 411-417. [CrossRef]

Tan, J.; McKenzie, C.; Vuillermin, PJ.; Goverse, G.; Vinuesa, C.G.; Mebius, R.E.; Macia, L.; Mackay, C.R. Dietary Fiber and Bacterial
SCFA Enhance Oral Tolerance and Protect against Food Allergy through Diverse Cellular Pathways. Cell Rep. 2016, 15, 2809-2824.
[CrossRef]

Shi, Y.; Xu, M,; Pan, S.; Gao, S.; Ren, J.; Bai, R.; Li, H.; He, C.; Zhao, S.; Shi, Z.; et al. Induction of the apoptosis, degranulation and
IL-13 production of human basophils by butyrate and propionate via suppression of histone deacetylation. Immunology 2021, 164,
292-304. [CrossRef]

Schwarz, A ; Philippsen, R.; Schwarz, T. Induction of Regulatory T Cells and Correction of Cytokine Disbalance by Short-Chain
Fatty Acids: Implications for Psoriasis Therapy. J. Invest. Dermatol. 2021, 141, 95-104.e102. [CrossRef] [PubMed]

Krejner, A.; Bruhs, A.; Mrowietz, U.; Wehkamp, U.; Schwarz, T.; Schwarz, A. Decreased expression of G-protein-coupled receptors
GPR43 and GPR109a in psoriatic skin can be restored by topical application of sodium butyrate. Arch. Dermatol. Res. 2018, 310,
751-758. [CrossRef] [PubMed]

Mrowietz, U.; Morrison, P.J.; Suhrkamp, I.; Kumanova, M.; Clement, B. The Pharmacokinetics of Fumaric Acid Esters Reveal
Their In Vivo Effects. Trends Pharmacol. Sci. 2018, 39, 1-12. [CrossRef]

Tang, H.; Lu, ].Y.; Zheng, X.; Yang, Y.; Reagan, ].D. The psoriasis drug monomethylfumarate is a potent nicotinic acid receptor
agonist. Biochem. Biophys. Res. Commun. 2008, 375, 562-565. [CrossRef] [PubMed]

Ota, S.; Sakuraba, H.; Hiraga, H.; Yoshida, S.; Satake, M.; Akemoto, Y.; Tanaka, N.; Watanabe, R.; Takato, M.; Murai, Y,;
et al. Cyclosporine protects from intestinal epithelial injury by modulating butyrate uptake via upregulation of membrane
monocarboxylate transporter 1 levels. Biochem. Biophys. Rep. 2020, 24, 100811. [CrossRef]

40


http://doi.org/10.3389/falgy.2022.873168
http://www.ncbi.nlm.nih.gov/pubmed/35769572
http://doi.org/10.4168/aair.2020.12.2.322
http://www.ncbi.nlm.nih.gov/pubmed/32009325
http://doi.org/10.1038/s41598-020-79737-6
http://www.ncbi.nlm.nih.gov/pubmed/33384449
http://doi.org/10.1159/000520149
http://www.ncbi.nlm.nih.gov/pubmed/34839288
http://doi.org/10.1001/jamanetworkopen.2021.5245
http://www.ncbi.nlm.nih.gov/pubmed/33914052
http://doi.org/10.1183/13993003.02021-2019
http://www.ncbi.nlm.nih.gov/pubmed/32139457
http://doi.org/10.4168/aair.2020.12.1.137
http://www.ncbi.nlm.nih.gov/pubmed/31743970
http://doi.org/10.1111/imr.12555
http://www.ncbi.nlm.nih.gov/pubmed/28658547
http://doi.org/10.4110/in.2016.16.4.211
http://www.ncbi.nlm.nih.gov/pubmed/27574500
http://doi.org/10.1038/nri.2016.111
http://www.ncbi.nlm.nih.gov/pubmed/27795547
http://doi.org/10.1111/all.14254
http://www.ncbi.nlm.nih.gov/pubmed/32112426
http://doi.org/10.1177/1753425917741970
http://www.ncbi.nlm.nih.gov/pubmed/29183244
http://doi.org/10.3389/fimmu.2021.628453
http://doi.org/10.1186/s13073-020-00789-4
http://doi.org/10.1038/s41598-021-02925-5
http://doi.org/10.1016/j.jid.2016.11.014
http://doi.org/10.1038/jid.2014.402
http://doi.org/10.1016/j.celrep.2016.05.047
http://doi.org/10.1111/imm.13370
http://doi.org/10.1016/j.jid.2020.04.031
http://www.ncbi.nlm.nih.gov/pubmed/32544478
http://doi.org/10.1007/s00403-018-1865-1
http://www.ncbi.nlm.nih.gov/pubmed/30209581
http://doi.org/10.1016/j.tips.2017.11.002
http://doi.org/10.1016/j.bbrc.2008.08.041
http://www.ncbi.nlm.nih.gov/pubmed/18722346
http://doi.org/10.1016/j.bbrep.2020.100811

Int. . Mol. Sci. 2023, 24, 3494 20 of 25

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

De Luca, E; Shoenfeld, Y. The microbiome in autoimmune diseases. Clin. Exp. Immunol. 2019, 195, 74-85. [CrossRef]
Rodriguez-Carrio, J.; Lopez, P.; Sanchez, B.; Gonzalez, S.; Gueimonde, M.; Margolles, A.; de Los Reyes-Gavilan, C.G.; Suarez,
A. Intestinal Dysbiosis Is Associated with Altered Short-Chain Fatty Acids and Serum-Free Fatty Acids in Systemic Lupus
Erythematosus. Front. Immunol. 2017, 8, 23. [CrossRef]

He, H.; Xu, H.; Xu, J.; Zhao, H.; Lin, Q.; Zhou, Y.; Nie, Y. Sodium Butyrate Ameliorates Gut Microbiota Dysbiosis in Lupus-Like
Mice. Front. Nutr. 2020, 7, 604283. [CrossRef] [PubMed]

Patrone, V.; Puglisi, E.; Cardinali, M.; Schnitzler, T.S.; Svegliati, S.; Festa, A.; Gabrielli, A.; Morelli, L. Gut microbiota profile in
systemic sclerosis patients with and without clinical evidence of gastrointestinal involvement. Sci. Rep. 2017, 7, 14874. [CrossRef]
Tan, T.C.; Noviani, M.; Leung, Y.Y.; Low, A.H.L. The microbiome and systemic sclerosis: A review of current evidence. Best Pract.
Res. Clin. Rheumatol. 2021, 35, 101687. [CrossRef]

Park, H.J.; Jeong, O.Y.; Chun, S.H.; Cheon, Y.H.; Kim, M.; Kim, S.; Lee, S.I. Butyrate Improves Skin/Lung Fibrosis and Intestinal
Dysbiosis in Bleomycin-Induced Mouse Models. Int. . Mol. Sci. 2021, 22, 2765. [CrossRef]

Agus, A.; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe
2018, 23, 716-724. [CrossRef] [PubMed]

Roager, H.M.; Licht, T.R. Microbial tryptophan catabolites in health and disease. Nat. Commun. 2018, 9, 3294. [CrossRef] [PubMed]
Magni, G.; Amici, A.; Emanuelli, M.; Raffaelli, N.; Ruggieri, S. Enzymology of NAD+ synthesis. Adv. Enzymol. Relat. Areas Mol.
Biol. 1999, 73, 135-182. [CrossRef] [PubMed]

Chen, H.; Fink, G.R. Feedback control of morphogenesis in fungi by aromatic alcohols. Genes Dev. 2006, 20, 1150-1161. [CrossRef]
Elleuch, L.; Shaaban, M.; Smaoui, S.; Mellouli, L.; Karray-Rebai, I.; Fourati-Ben Fguira, L.; Shaaban, K.A.; Laatsch, H. Bioactive
secondary metabolites from a new terrestrial Streptomyces sp. TN262. Appl. Biochem. Biotechnol. 2010, 162, 579-593. [CrossRef]
[PubMed]

Honore, A.H.; Aunsbjerg, S.D.; Ebrahimi, P; Thorsen, M.; Benfeldt, C.; Knochel, S.; Skov, T. Metabolic footprinting for investigation
of antifungal properties of Lactobacillus paracasei. Anal. Bioanal. Chem. 2016, 408, 83-96. [CrossRef]

Landete, ].M.; Rodriguez, H.; De las Rivas, B.; Munoz, R. High-added-value antioxidants obtained from the degradation of wine
phenolics by Lactobacillus plantarum. J. Food Prot. 2007, 70, 2670-2675. [CrossRef]

Chimerel, C.; Emery, E.; Summers, D.K.; Keyser, U.; Gribble, EM.; Reimann, F. Bacterial metabolite indole modulates incretin
secretion from intestinal enteroendocrine L cells. Cell Rep. 2014, 9, 1202-1208. [CrossRef]

Fernandez-Gallego, N.; Sanchez-Madrid, F,; Cibrian, D. Role of AHR Ligands in Skin Homeostasis and Cutaneous Inflammation.
Cells 2021, 10, 3176. [CrossRef]

Esser, C.; Rannug, A. The aryl hydrocarbon receptor in barrier organ physiology, immunology, and toxicology. Pharmacol. Rev.
2015, 67, 259-279. [CrossRef] [PubMed]

Yu, J.; Luo, Y,; Zhu, Z.; Zhou, Y.; Sun, L.; Gao, J.; Sun, J.; Wang, G.; Yao, X.; Li, W. A tryptophan metabolite of the skin microbiota
attenuates inflammation in patients with atopic dermatitis through the aryl hydrocarbon receptor. J. Allergy Clin. Immunol. 2019,
143,2108-2119.€2112. [CrossRef] [PubMed]

Liu, X.; Zhang, X.; Zhang, J.; Luo, Y.; Xu, B.; Ling, S.; Zhang, Y.; Li, W.; Yao, X. Activation of aryl hydrocarbon receptor in
Langerhans cells by a microbial metabolite of tryptophan negatively regulates skin inflammation. J. Dermatol. Sci. 2020, 100,
192-200. [CrossRef]

Jux, B.; Kadow, S.; Luecke, S.; Rannug, A.; Krutmann, J.; Esser, C. The aryl hydrocarbon receptor mediates UVB radiation-induced
skin tanning. J. Invest. Dermatol. 2011, 131, 203-210. [CrossRef] [PubMed]

Murai, M.; Yamamura, K.; Hashimoto-Hachiya, A.; Tsuji, G.; Furue, M.; Mitoma, C. Tryptophan photo-product FICZ upregulates
AHR/MEK/ERK-mediated MMP1 expression: Implications in anti-fibrotic phototherapy. J. Dermatol. Sci. 2018, 91, 97-103.
[CrossRef] [PubMed]

Tsuji, G.; Hashimoto-Hachiya, A.; Kiyomatsu-Oda, M.; Takemura, M.; Ohno, F; Ito, T.; Morino-Koga, S.; Mitoma, C.; Nakahara, T.;
Uchi, H.; et al. Aryl hydrocarbon receptor activation restores filaggrin expression via OVOLL1 in atopic dermatitis. Cell Death Dis.
2017, 8, €2931. [CrossRef]

Poormasjedi-Meibod, M.S.; Hartwell, R.; Kilani, R.T.; Ghahary, A. Anti-scarring properties of different tryptophan derivatives.
PLoS ONE 2014, 9, €91955. [CrossRef]

Fritsche, E.; Schafer, C.; Calles, C.; Bernsmann, T.; Bernshausen, T.; Wurm, M.; Hubenthal, U.; Cline, J.E.; Hajimiragha, H.;
Schroeder, P; et al. Lightening up the UV response by identification of the arylhydrocarbon receptor as a cytoplasmatic target for
ultraviolet B radiation. Proc. Natl. Acad. Sci. USA 2007, 104, 8851-8856. [CrossRef]

Aoki, R.; Aoki-Yoshida, A.; Suzuki, C.; Takayama, Y. Protective effect of indole-3-pyruvate against ultraviolet b-induced damage
to cultured HaCaT keratinocytes and the skin of hairless mice. PLoS ONE 2014, 9, €96804. [CrossRef]

Rynkowska, A.; Stepniak, J.; Karbownik-Lewinska, M. Melatonin and Indole-3-Propionic Acid Reduce Oxidative Damage to
Membrane Lipids Induced by High Iron Concentrations in Porcine Skin. Membranes 2021, 11, 571. [CrossRef]
Cervantes-Barragan, L.; Chai, ].N.; Tianero, M.D.; Di Luccia, B.; Ahern, P.P.; Merriman, J.; Cortez, V.S.; Caparon, M.G.; Donia,
M.S,; Gilfillan, S.; et al. Lactobacillus reuteri induces gut intraepithelial CD4(+)CD8alphaalpha(+) T cells. Science 2017, 357, 806-810.
[CrossRef] [PubMed]

Furue, M.; Hashimoto-Hachiya, A.; Tsuji, G. Aryl Hydrocarbon Receptor in Atopic Dermatitis and Psoriasis. Int. . Mol. Sci. 2019,
20, 5424. [CrossRef] [PubMed]

41


http://doi.org/10.1111/cei.13158
http://doi.org/10.3389/fimmu.2017.00023
http://doi.org/10.3389/fnut.2020.604283
http://www.ncbi.nlm.nih.gov/pubmed/33262998
http://doi.org/10.1038/s41598-017-14889-6
http://doi.org/10.1016/j.berh.2021.101687
http://doi.org/10.3390/ijms22052765
http://doi.org/10.1016/j.chom.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29902437
http://doi.org/10.1038/s41467-018-05470-4
http://www.ncbi.nlm.nih.gov/pubmed/30120222
http://doi.org/10.1002/9780470123195.ch5
http://www.ncbi.nlm.nih.gov/pubmed/10218108
http://doi.org/10.1101/gad.1411806
http://doi.org/10.1007/s12010-009-8808-4
http://www.ncbi.nlm.nih.gov/pubmed/19842066
http://doi.org/10.1007/s00216-015-9103-6
http://doi.org/10.4315/0362-028X-70.11.2670
http://doi.org/10.1016/j.celrep.2014.10.032
http://doi.org/10.3390/cells10113176
http://doi.org/10.1124/pr.114.009001
http://www.ncbi.nlm.nih.gov/pubmed/25657351
http://doi.org/10.1016/j.jaci.2018.11.036
http://www.ncbi.nlm.nih.gov/pubmed/30578876
http://doi.org/10.1016/j.jdermsci.2020.10.004
http://doi.org/10.1038/jid.2010.269
http://www.ncbi.nlm.nih.gov/pubmed/20861855
http://doi.org/10.1016/j.jdermsci.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29703420
http://doi.org/10.1038/cddis.2017.322
http://doi.org/10.1371/journal.pone.0091955
http://doi.org/10.1073/pnas.0701764104
http://doi.org/10.1371/journal.pone.0096804
http://doi.org/10.3390/membranes11080571
http://doi.org/10.1126/science.aah5825
http://www.ncbi.nlm.nih.gov/pubmed/28775213
http://doi.org/10.3390/ijms20215424
http://www.ncbi.nlm.nih.gov/pubmed/31683543

Int. . Mol. Sci. 2023, 24, 3494 21 of 25

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Bissonnette, R.; Stein Gold, L.; Rubenstein, D.S.; Tallman, A.M.; Armstrong, A. Tapinarof in the treatment of psoriasis: A review
of the unique mechanism of action of a novel therapeutic aryl hydrocarbon receptor-modulating agent. J. Am. Acad. Dermatol.
2021, 84, 1059-1067. [CrossRef] [PubMed]

Zhang, ].; Cai, L.; Zheng, M. A novel topical treatment for plaque psoriasis: Benvitimod/tapinarof. J. Am. Acad. Dermatol. 2022,
86, €137—-e138. [CrossRef]

Keam, S.J. Tapinarof Cream 1%: First Approval. Drugs 2022, 82, 1221-1228. [CrossRef]

Sideris, N.; Paschou, E.; Bakirtzi, K.; Kiritsi, D.; Papadimitriou, I.; Tsentemeidou, A.; Sotiriou, E.; Vakirlis, E. New and Upcoming
Topical Treatments for Atopic Dermatitis: A Review of the Literature. J. Clin. Med. 2022, 11, 4974. [CrossRef]

Fang, Z.; Pan, T,; Li, L.; Wang, H.; Zhu, J.; Zhang, H.; Zhao, J.; Chen, W.; Lu, W. Bifidobacterium longum mediated tryptophan
metabolism to improve atopic dermatitis via the gut-skin axis. Gut Microbes 2022, 14, 2044723. [CrossRef]

Klonowska, J.; Glen, J.; Nowicki, R.J.; Trzeciak, M. New Cytokines in the Pathogenesis of Atopic Dermatitis-New Therapeutic
Targets. Int. . Mol. Sci. 2018, 19, 3086. [CrossRef]

Smirnova, A.; Wincent, E.; Vikstrom Bergander, L.; Alsberg, T.; Bergman, J.; Rannug, A.; Rannug, U. Evidence for New Light-
Independent Pathways for Generation of the Endogenous Aryl Hydrocarbon Receptor Agonist FICZ. Chem. Res. Toxicol. 2016, 29,
75-86. [CrossRef]

Kiyomatsu-Oda, M.; Uchi, H.; Morino-Koga, S.; Furue, M. Protective role of 6-formylindolo[3,2-b]carbazole (FICZ), an endogenous
ligand for arylhydrocarbon receptor, in chronic mite-induced dermatitis. J. Dermatol. Sci. 2018, 90, 284-294. [CrossRef]

Gao, X K.; Nakamura, N.; Fuseda, K.; Tanaka, H.; Inagaki, N.; Nagai, H. Establishment of allergic dermatitis in NC/Nga mice as a
model for severe atopic dermatitis. Biol. Pharm. Bulletin. 2004, 27, 1376-1381. [CrossRef] [PubMed]

Kim, D.; Kobayashi, T.; Nagao, K. Research Techniques Made Simple: Mouse Models of Atopic Dermatitis. J. Investig. Dermatol.
2019, 139, 984-990.e981. [CrossRef] [PubMed]

Zhen, J.; Zhao, P; Li, Y;; Cai, Y,; Yu, W.; Wang, W.; Zhao, L.; Wang, H.; Huang, G.; Xu, A. The Multiomics Analyses of Gut
Microbiota, Urine Metabolome and Plasma Proteome Revealed Significant Changes in Allergy Featured with Indole Derivatives
of Tryptophan. J. Asthma. Allergy 2022, 15, 117-131. [CrossRef] [PubMed]

Singh, N.P; Singh, U.P; Rouse, M.; Zhang, ].; Chatterjee, S.; Nagarkatti, P.S.; Nagarkatti, M. Dietary Indoles Suppress Delayed-
Type Hypersensitivity by Inducing a Switch from Proinflammatory Th17 Cells to Anti-Inflammatory Regulatory T Cells through
Regulation of MicroRNA. J. Immunol. 2016, 196, 1108-1122. [CrossRef] [PubMed]

Anderson, E.W,; Fishbein, J.; Hong, J.; Roeser, J.; Furie, R.A.; Aranow, C.; Volpe, B.T.; Diamond, B.; Mackay, M. Quinolinic
acid, a kynurenine/tryptophan pathway metabolite, associates with impaired cognitive test performance in systemic lupus
erythematosus. Lupus Sci. Med. 2021, 8, e000559. [CrossRef]

Widner, B.; Sepp, N.; Kowald, E.; Ortner, U.; Wirleitner, B.; Fritsch, P.; Baier-Bitterlich, G.; Fuchs, D. Enhanced tryptophan
degradation in systemic lupus erythematosus. Immunobiology 2000, 201, 621-630. [CrossRef]

Akesson, K.; Pettersson, S.; Stahl, S.; Surowiec, I.; Hedenstrom, M.; Eketjall, S.; Trygg, J.; Jakobsson, P.J.; Gunnarsson, I.;
Svenungsson, E.; et al. Kynurenine pathway is altered in patients with SLE and associated with severe fatigue. Lupus Sci. Med.
2018, 5, e000254. [CrossRef]

Shinde, R.; Hezaveh, K.; Halaby, M.].; Kloetgen, A.; Chakravarthy, A.; da Silva Medina, T.; Deol, R.; Manion, K.P.; Baglaenko, Y.;
Eldh, M.; et al. Apoptotic cell-induced AhR activity is required for immunological tolerance and suppression of systemic lupus
erythematosus in mice and humans. Nat. Immunol. 2018, 19, 571-582. [CrossRef]

Brown, J.; Abboud, G.; Ma, L.; Choi, S.C.; Kanda, N.; Zeumer-Spataro, L.; Lee, J.; Peng, W.; Cagmat, J.; Faludi, T.; et al.
Microbiota-mediated skewing of tryptophan catabolism modulates CD4(+) T cells in lupus-prone mice. iScience 2022, 25, 104241.
[CrossRef]

Choi, S.C.; Brown, J.; Gong, M.; Ge, Y.; Zadeh, M.; Li, W.; Croker, B.P.; Michailidis, G.; Garrett, T.].;, Mohamadzadeh, M.; et al. Gut
microbiota dysbiosis and altered tryptophan catabolism contribute to autoimmunity in lupus-susceptible mice. Sci. Transl. Med.
2020, 12, eaax2220. [CrossRef]

Janeiro, M.H.; Ramirez, M.].; Milagro, E1.; Martinez, ].A.; Solas, M. Implication of Trimethylamine N-Oxide (TMAO) in Disease:
Potential Biomarker or New Therapeutic Target. Nutrients 2018, 10, 1398. [CrossRef] [PubMed]

Zeisel, S.H.; Warrier, M. Trimethylamine N-Oxide, the Microbiome, and Heart and Kidney Disease. Annu. Rev. Nutr. 2017, 37,
157-181. [CrossRef] [PubMed]

Liu, Y,; Dai, M. Trimethylamine N-Oxide Generated by the Gut Microbiota Is Associated with Vascular Inflammation: New
Insights into Atherosclerosis. Mediat. Inflamm. 2020, 2020, 4634172. [CrossRef] [PubMed]

Smits, L.P.; Kootte, R.S.; Levin, E.; Prodan, A.; Fuentes, S.; Zoetendal, E.G.; Wang, Z.; Levison, B.S.; Cleophas, M.C.P.; Kemper,
E.M.; et al. Effect of Vegan Fecal Microbiota Transplantation on Carnitine- and Choline-Derived Trimethylamine-N-Oxide
Production and Vascular Inflammation in Patients With Metabolic Syndrome. . Am. Heart Assoc. 2018, 7, e008342. [CrossRef]
[PubMed]

Rohrmann, S.; Linseisen, J.; Allenspach, M.; von Eckardstein, A.; Muller, D. Plasma Concentrations of Trimethylamine-N-oxide
Are Directly Associated with Dairy Food Consumption and Low-Grade Inflammation in a German Adult Population. J. Nutr.
2016, 146, 283-289. [CrossRef]

Agus, A.; Clement, K.; Sokol, H. Gut microbiota-derived metabolites as central regulators in metabolic disorders. Gut 2021, 70,
1174-1182. [CrossRef] [PubMed]

42


http://doi.org/10.1016/j.jaad.2020.10.085
http://www.ncbi.nlm.nih.gov/pubmed/33157177
http://doi.org/10.1016/j.jaad.2021.10.053
http://doi.org/10.1007/s40265-022-01748-6
http://doi.org/10.3390/jcm11174974
http://doi.org/10.1080/19490976.2022.2044723
http://doi.org/10.3390/ijms19103086
http://doi.org/10.1021/acs.chemrestox.5b00416
http://doi.org/10.1016/j.jdermsci.2018.02.014
http://doi.org/10.1248/bpb.27.1376
http://www.ncbi.nlm.nih.gov/pubmed/15340222
http://doi.org/10.1016/j.jid.2019.02.014
http://www.ncbi.nlm.nih.gov/pubmed/31010529
http://doi.org/10.2147/JAA.S334752
http://www.ncbi.nlm.nih.gov/pubmed/35125876
http://doi.org/10.4049/jimmunol.1501727
http://www.ncbi.nlm.nih.gov/pubmed/26712945
http://doi.org/10.1136/lupus-2021-000559
http://doi.org/10.1016/S0171-2985(00)80079-0
http://doi.org/10.1136/lupus-2017-000254
http://doi.org/10.1038/s41590-018-0107-1
http://doi.org/10.1016/j.isci.2022.104241
http://doi.org/10.1126/scitranslmed.aax2220
http://doi.org/10.3390/nu10101398
http://www.ncbi.nlm.nih.gov/pubmed/30275434
http://doi.org/10.1146/annurev-nutr-071816-064732
http://www.ncbi.nlm.nih.gov/pubmed/28715991
http://doi.org/10.1155/2020/4634172
http://www.ncbi.nlm.nih.gov/pubmed/32148438
http://doi.org/10.1161/JAHA.117.008342
http://www.ncbi.nlm.nih.gov/pubmed/29581220
http://doi.org/10.3945/jn.115.220103
http://doi.org/10.1136/gutjnl-2020-323071
http://www.ncbi.nlm.nih.gov/pubmed/33272977

Int. . Mol. Sci. 2023, 24, 3494 22 of 25

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Bartikoski, B.J.; De Oliveira, M.S.; Do Espirito Santo, R.C.; Dos Santos, L.P.; Dos Santos, N.G.; Xavier, RM. A Review of
Metabolomic Profiling in Rheumatoid Arthritis: Bringing New Insights in Disease Pathogenesis, Treatment and Comorbidities.
Metabolites 2022, 12, 394. [CrossRef]

Yang, S.; Li, X;; Yang, E; Zhao, R.; Pan, X.; Liang, J.; Tian, L.; Li, X,; Liu, L.; Xing, Y.; et al. Gut Microbiota-Dependent Marker
TMAO in Promoting Cardiovascular Disease: Inflammation Mechanism, Clinical Prognostic, and Potential as a Therapeutic
Target. Front. Pharmacol. 2019, 10, 1360. [CrossRef]

Chen, K.; Zheng, X.; Feng, M; Li, D.; Zhang, H. Gut Microbiota-Dependent Metabolite Trimethylamine N-Oxide Contributes to
Cardiac Dysfunction in Western Diet-Induced Obese Mice. Front. Physiol. 2017, 8, 139. [CrossRef]

Sun, X,; Jiao, X.; Ma, Y,; Liu, Y.,; Zhang, L.; He, Y.; Chen, Y. Trimethylamine N-oxide induces inflammation and endothelial
dysfunction in human umbilical vein endothelial cells via activating ROS-TXNIP-NLRP3 inflammasome. Biochem. Biophys. Res.
Commun. 2016, 481, 63-70. [CrossRef]

Wu, K;; Yuan, Y,; Yu, H; Dai, X.; Wang, S.; Sun, Z.; Wang, E; Fei, H.; Lin, Q.; Jiang, H.; et al. The gut microbial metabolite
trimethylamine N-oxide aggravates GVHD by inducing M1 macrophage polarization in mice. Blood 2020, 136, 501-515. [CrossRef]
[PubMed]

Yue, C.; Yang, X; Li, ].; Chen, X.; Zhao, X.; Chen, Y.; Wen, Y. Trimethylamine N-oxide prime NLRP3 inflammasome via inhibiting
ATGI16L1-induced autophagy in colonic epithelial cells. Biochem. Biophys. Res. Commun. 2017, 490, 541-551. [CrossRef] [PubMed]
Lemaitre, R.N.; Jensen, PN.; Wang, Z.; Fretts, A.M.; McKnight, B.; Nemet, I; Biggs, M.L.; Sotoodehnia, N.; de Oliveira Otto, M.C;
Psaty, B.M.; et al. Association of Trimethylamine N-Oxide and Related Metabolites in Plasma and Incident Type 2 Diabetes: The
Cardiovascular Health Study. JAMA Netw. Open 2021, 4, e2122844. [CrossRef] [PubMed]

Tanase, D.M.; Gosav, E.M.; Neculae, E.; Costea, C.F,; Ciocoiu, M.; Hurjui, L.L.; Tarniceriu, C.C.; Maranduca, M.A.; Lacatusu, C.M,;
Floria, M.; et al. Role of Gut Microbiota on Onset and Progression of Microvascular Complications of Type 2 Diabetes (T2DM).
Nutrients 2020, 12, 3719. [CrossRef] [PubMed]

Lee, Y.; Nemet, I; Wang, Z.; Lai, H-T.M.; de Oliveira Otto, M.C.; Lemaitre, R.N.; Fretts, A.M.; Sotoodehnia, N.; Budoff, M;
DiDonato, J.A.; et al. Longitudinal Plasma Measures of Trimethylamine N-Oxide and Risk of Atherosclerotic Cardiovascular
Disease Events in Community-Based Older Adults. J. Am. Heart Assoc. 2021, 10, e020646. [CrossRef] [PubMed]

Li, N.; Wang, Y.; Zhou, J.; Chen, R,; Li, J.; Zhao, X.; Zhou, P; Liu, C.; Chen, Y.; Song, L.; et al. Association between the Changes in
Trimethylamine N-Oxide-Related Metabolites and Prognosis of Patients with Acute Myocardial Infarction: A Prospective Study.
J. Cardiovasc. Dev. Dis. 2022, 9, 380. [CrossRef] [PubMed]

Sikora, M.; Kiss, N.; Stec, A.; Giebultowicz, J.; Samborowska, E.; Jazwiec, R.; Dadlez, M.; Olszewska, M.; Rudnicka, L. Trimethy-
lamine N-Oxide, a Gut Microbiota-Derived Metabolite, Is Associated with Cardiovascular Risk in Psoriasis: A Cross-Sectional
Pilot Study. Dermatol. Ther. 2021, 11, 1277-1289. [CrossRef]

Sun, L.; Guo, X,; Qin, Y,; Li, P;; Yu, C.; Gao, X.; Xie, X.; Xu, X. Serum Intestinal Metabolites are Raised in Patients with Psoriasis
and Metabolic Syndrome. Clin. Cosmet. Investig. Dermatol. 2022, 15, 879-886. [CrossRef]

Coras, R.; Kavanaugh, A.; Boyd, T.; Huynh, D.; Lagerborg, K.A.; Xu, YJ.; Rosenthal, S.B.; Jain, M.; Guma, M. Choline metabolite,
trimethylamine N-oxide (TMAO), is associated with inflammation in psoriatic arthritis. Clin. Exp. Rheumatol. 2019, 37, 481-484.
Barrea, L.; Muscogiuri, G.; Pugliese, G.; de Alteriis, G.; Maisto, M.; Donnarumma, M.; Tenore, G.C.; Colao, A.; Fabbrocini, G.;
Savastano, S. Association of Trimethylamine N-Oxide (TMAO) with the Clinical Severity of Hidradenitis Suppurativa (Acne
Inversa). Nutrients 2021, 13, 1997. [CrossRef]

Jiang, S.W.; Whitley, M.].; Mariottoni, P.; Jaleel, T.; MacLeod, A.S. Hidradenitis Suppurativa: Host-Microbe and Immune
Pathogenesis Underlie Important Future Directions. JID Innov. 2021, 1, 100001. [CrossRef] [PubMed]

Korman, N.J. Management of psoriasis as a systemic disease: What is the evidence? Br. J. Dermatol. 2020, 182, 840-848. [CrossRef]
[PubMed]

Li, Y;; Liang, L.; Deng, X.; Zhong, L. Lipidomic and metabolomic profiling reveals novel candidate biomarkers in active systemic
lupus erythematosus. Int. J. Clin. Exp. Pathol. 2019, 12, 857-866. [PubMed]

Gonzalez-Correa, C.; Moleon, J.; Minano, S.; Visitacion, N.; Robles-Vera, I.; Gomez-Guzman, M.; Jimenez, R.; Romero, M.; Duarte,
J. Trimethylamine N-Oxide Promotes Autoimmunity and a Loss of Vascular Function in Toll-like Receptor 7-Driven Lupus Mice.
Antioxidants 2021, 11, 84. [CrossRef] [PubMed]

Smolenska, Z.; Zabielska-Kaczorowska, M.; Wojteczek, A.; Kutryb-Zajac, B.; Zdrojewski, Z. Metabolic Pattern of Systemic
Sclerosis: Association of Changes in Plasma Concentrations of Amino Acid-Related Compounds With Disease Presentation. Front.
Mol. Biosci. 2020, 7, 585161. [CrossRef]

Kim, S.J.; Bale, S.; Verma, P.; Wan, Q.; Ma, E; Gudjonsson, J.E.; Hazen, S.L.; Harms, PW.; Tsou, P.S.; Khanna, D.; et al. Gut
microbe-derived metabolite trimethylamine N-oxide activates PERK to drive fibrogenic mesenchymal differentiation. iScience
2022, 25, 104669. [CrossRef] [PubMed]

Assassi, S.; Wu, M; Tan, EK,; Chang, J.; Graham, T.A.; Furst, D.E.; Khanna, D.; Charles, J.; Ferguson, E.C.; Feghali-Bostwick,
C.; et al. Skin gene expression correlates of severity of interstitial lung disease in systemic sclerosis. Arthritis Rheum. 2013, 65,
2917-2927. [CrossRef] [PubMed]

Chadli, L.; Sotthewes, B.; Li, K.; Andersen, S.N.; Cahir-McFarland, E.; Cheung, M.; Cullen, P.; Dorjee, A.; de Vries-Bouwstra,
J.K.,; Huizinga, TW.J.; et al. Identification of regulators of the myofibroblast phenotype of primary dermal fibroblasts from early
diffuse systemic sclerosis patients. Sci. Rep. 2019, 9, 4521. [CrossRef]

43


http://doi.org/10.3390/metabo12050394
http://doi.org/10.3389/fphar.2019.01360
http://doi.org/10.3389/fphys.2017.00139
http://doi.org/10.1016/j.bbrc.2016.11.017
http://doi.org/10.1182/blood.2019003990
http://www.ncbi.nlm.nih.gov/pubmed/32291445
http://doi.org/10.1016/j.bbrc.2017.06.075
http://www.ncbi.nlm.nih.gov/pubmed/28629999
http://doi.org/10.1001/jamanetworkopen.2021.22844
http://www.ncbi.nlm.nih.gov/pubmed/34448864
http://doi.org/10.3390/nu12123719
http://www.ncbi.nlm.nih.gov/pubmed/33276482
http://doi.org/10.1161/JAHA.120.020646
http://www.ncbi.nlm.nih.gov/pubmed/34398665
http://doi.org/10.3390/jcdd9110380
http://www.ncbi.nlm.nih.gov/pubmed/36354779
http://doi.org/10.1007/s13555-021-00547-3
http://doi.org/10.2147/CCID.S351984
http://doi.org/10.3390/nu13061997
http://doi.org/10.1016/j.xjidi.2021.100001
http://www.ncbi.nlm.nih.gov/pubmed/34909706
http://doi.org/10.1111/bjd.18245
http://www.ncbi.nlm.nih.gov/pubmed/31225638
http://www.ncbi.nlm.nih.gov/pubmed/31933894
http://doi.org/10.3390/antiox11010084
http://www.ncbi.nlm.nih.gov/pubmed/35052589
http://doi.org/10.3389/fmolb.2020.585161
http://doi.org/10.1016/j.isci.2022.104669
http://www.ncbi.nlm.nih.gov/pubmed/35856022
http://doi.org/10.1002/art.38101
http://www.ncbi.nlm.nih.gov/pubmed/23897225
http://doi.org/10.1038/s41598-019-41153-w

Int. . Mol. Sci. 2023, 24, 3494 23 of 25

139.

140.

141.

142.
143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Skaug, B.; Khanna, D.; Swindell, W.R.; Hinchcliff, M.E.; Frech, TM.; Steen, V.D.; Hant, EN.; Gordon, ] K,; Shah, A.A.; Zhu, L,;
et al. Global skin gene expression analysis of early diffuse cutaneous systemic sclerosis shows a prominent innate and adaptive
inflammatory profile. Ann. Rheum. Dis. 2020, 79, 379-386. [CrossRef]

Shi, Z.; Wu, X.; Wu, C.Y,; Singh, S.P; Law, T,; Yamada, D.; Huynh, M.; Liakos, W.; Yang, G.; Farber, ]. M.; et al. Bile Acids Improve
Psoriasiform Dermatitis through Inhibition of IL-17A Expression and CCL20-CCR6-Mediated Trafficking of T Cells. J. Invest.
Dermatol. 2022, 142, 1381-1390.e1311. [CrossRef]

Paine, A.; Brookes, P.S.; Bhattacharya, S.; Li, D.; De La Luz Garcia-Hernandez, M.; Tausk, E; Ritchlin, C. Dysregulation of Bile
Acids, Lipids, and Nucleotides in Psoriatic Arthritis Revealed by Unbiased Profiling of Serum Metabolites. Arthritis Rheumatol.
2023, 75, 53-63. [CrossRef] [PubMed]

Sipka, S.; Bruckner, G. The immunomodulatory role of bile acids. Int. Arch. Allergy Immunol. 2014, 165, 1-8. [CrossRef]

Sorokin, A.V.; Domenichiello, A.F; Dey, A K,; Yuan, Z.X.; Goyal, A.; Rose, S.M.; Playford, M.P.; Ramsden, C.E.; Mehta, N.N.
Bioactive Lipid Mediator Profiles in Human Psoriasis Skin and Blood. ]. Invest. Dermatol. 2018, 138, 1518-1528. [CrossRef]
[PubMed]

You, S.; Ma, Y.; Yan, B.; Pei, W.; Wu, Q.; Ding, C.; Huang, C. The promotion mechanism of prebiotics for probiotics: A review.
Front. Nutr. 2022, 9, 1000517. [CrossRef] [PubMed]

Zhang, Z.; Lin, T.; Meng, Y.; Hu, M,; Shu, L.; Jiang, H.; Gao, R.; Ma, J.; Wang, C.; Zhou, X. FOS/GOS attenuates high-fat diet
induced bone loss via reversing microbiota dysbiosis, high intestinal permeability and systemic inflammation in mice. Metabolism
2021, 119, 154767. [CrossRef] [PubMed]

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502. [CrossRef] [PubMed]
Sobh, M.; Montroy, J.; Daham, Z.; Sibbald, S.; Lalu, M.; Stintzi, A.; Mack, D.; Fergusson, D.A. Tolerability and SCFA production
after resistant starch supplementation in humans: A systematic review of randomized controlled studies. Am. J. Clin. Nutr. 2022,
115, 608-618. [CrossRef]

Cuello-Garcia, C.; Fiocchi, A.; Pawankar, R.; Yepes-Nunez, ].J.; Morgano, G.P; Zhang, Y.; Agarwal, A.; Gandhi, S.; Terracciano,
L.; Schunemann, H.J.; et al. Prebiotics for the prevention of allergies: A systematic review and meta-analysis of randomized
controlled trials. Clin. Exp. Allergy 2017, 47, 1468-1477. [CrossRef]

Shibata, R.; Kimura, M.; Takahashi, H.; Mikami, K.; Aiba, Y.; Takeda, H.; Koga, Y. Clinical effects of kestose, a prebiotic
oligosaccharide, on the treatment of atopic dermatitis in infants. Clin. Exp. Allergy 2009, 39, 1397-1403. [CrossRef]

Koga, Y.; Tokunaga, S.; Nagano, J.; Sato, F.; Konishi, K.; Tochio, T.; Murakami, Y.; Masumoto, N.; Tezuka, ].I.; Sudo, N.; et al.
Age-associated effect of kestose on Faecalibacterium prausnitzii and symptoms in the atopic dermatitis infants. Pediatr Res. 2016,
80, 844-851. [CrossRef]

Sestito, S.; D’Auria, E.; Baldassarre, M.E.; Salvatore, S.; Tallarico, V.; Stefanelli, E.; Tarsitano, F.; Concolino, D.; Pensabene, L. The
Role of Prebiotics and Probiotics in Prevention of Allergic Diseases in Infants. Front. Pediatr. 2020, 8, 583946. [CrossRef] [PubMed]
Cuello-Garcia, C.A.; Fiocchi, A.; Pawankar, R.; Yepes-Nunez, ].J.; Morgano, G.P,; Zhang, Y.; Ahn, K.; Al-Hammadji, S.; Agarwal,
A.; Gandhi, S.; et al. World Allergy Organization-McMaster University Guidelines for Allergic Disease Prevention (GLAD-P):
Prebiotics. World Allergy Organ. J. 2016, 9, 10. [CrossRef] [PubMed]

Akbarzadeh, A.; Alirezaei, P.; Doosti-Irani, A.; Mehrpooya, M.; Nouri, F. The Efficacy of Lactocare(R) Synbiotic on the Clinical
Symptoms in Patients with Psoriasis: A Randomized, Double-Blind, Placebo-Controlled Clinical Trial. Dermatol. Res. Pract. 2022,
2022, 4549134. [CrossRef] [PubMed]

Widhani, A.; Djauzi, S.; Suyatna, FD.; Dewi, B.E. Changes in Gut Microbiota and Systemic Inflammation after Synbiotic
Supplementation in Patients with Systemic Lupus Erythematosus: A Randomized, Double-Blind, Placebo-Controlled Trial. Cells
2022, 11, 3419. [CrossRef]

Hill, C.; Guarner, F; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506-514. [CrossRef]

De Simone, C. The Unregulated Probiotic Market. Clin. Gastroenterol. Hepatol. 2019, 17, 809-817. [CrossRef]

Voigt, J.; Lele, M. Lactobacillus rhamnosus Used in the Perinatal Period for the Prevention of Atopic Dermatitis in Infants: A
Systematic Review and Meta-Analysis of Randomized Trials. Am. J. Clin. Dermatol. 2022, 23, 801-811. [CrossRef]

Li, Y.; Zhang, B.; Guo, J.; Cao, Z.; Shen, M. The efficacy of probiotics supplementation for the treatment of atopic dermatitis in
adults: A systematic review and meta-analysis. J. Dermatolog. Treat. 2022, 33, 2800-2809. [CrossRef]

Tan-Lim, C.S.C.; Esteban-Ipac, N.A.R.; Mantaring, ].B.V., 3rd; Chan Shih Yen, E.; Recto, M.S.T.; Sison, O.T.; Alejandria, M.M.
Comparative effectiveness of probiotic strains for the treatment of pediatric atopic dermatitis: A systematic review and network
meta-analysis. Pediatr. Allergy Immunol. 2021, 32, 124-136. [CrossRef]

Umborowati, M.A.; Damayanti, D.; Anggraeni, S.; Endaryanto, A.; Surono, L.S.; Effendy, I.; Prakoeswa, C.R.S. The role of
probiotics in the treatment of adult atopic dermatitis: A meta-analysis of randomized controlled trials. J. Health Popul. Nutr. 2022,
41, 37. [CrossRef]

Fiocchi, A.; Cabana, M.D.; Mennini, M. Current Use of Probiotics and Prebiotics in Allergy. J. Allergy Clin. Immunol. Pract. 2022,
10, 2219-2242. [CrossRef] [PubMed]

44


http://doi.org/10.1136/annrheumdis-2019-215894
http://doi.org/10.1016/j.jid.2021.10.027
http://doi.org/10.1002/art.42288
http://www.ncbi.nlm.nih.gov/pubmed/35818333
http://doi.org/10.1159/000366100
http://doi.org/10.1016/j.jid.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29454560
http://doi.org/10.3389/fnut.2022.1000517
http://www.ncbi.nlm.nih.gov/pubmed/36276830
http://doi.org/10.1016/j.metabol.2021.154767
http://www.ncbi.nlm.nih.gov/pubmed/33753088
http://doi.org/10.1038/nrgastro.2017.75
http://www.ncbi.nlm.nih.gov/pubmed/28611480
http://doi.org/10.1093/ajcn/nqab402
http://doi.org/10.1111/cea.13042
http://doi.org/10.1111/j.1365-2222.2009.03295.x
http://doi.org/10.1038/pr.2016.167
http://doi.org/10.3389/fped.2020.583946
http://www.ncbi.nlm.nih.gov/pubmed/33415087
http://doi.org/10.1186/s40413-016-0102-7
http://www.ncbi.nlm.nih.gov/pubmed/26962387
http://doi.org/10.1155/2022/4549134
http://www.ncbi.nlm.nih.gov/pubmed/36249714
http://doi.org/10.3390/cells11213419
http://doi.org/10.1038/nrgastro.2014.66
http://doi.org/10.1016/j.cgh.2018.01.018
http://doi.org/10.1007/s40257-022-00723-x
http://doi.org/10.1080/09546634.2022.2080170
http://doi.org/10.1111/pai.13305
http://doi.org/10.1186/s41043-022-00318-6
http://doi.org/10.1016/j.jaip.2022.06.038
http://www.ncbi.nlm.nih.gov/pubmed/35792336

Int. . Mol. Sci. 2023, 24, 3494 24 of 25

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Uwaezuoke, S.N.; Ayuk, A.C.; Eze, ].N.; Odimegwu, C.L.; Ndiokwelu, C.O.; Eze, I.C. Postnatal probiotic supplementation can
prevent and optimize treatment of childhood asthma and atopic disorders: A systematic review of randomized controlled trials.
Front. Pediatr. 2022, 10, 956141. [CrossRef] [PubMed]

Askari, G.; Ghavami, A.; Shahdadian, F.; Moravejolahkami, A.R. Effect of synbiotics and probiotics supplementation on
autoimmune diseases: A systematic review and meta-analysis of clinical trials. Clin. Nutr. 2021, 40, 3221-3234. [CrossRef]
[PubMed]

Chaiyasut, C.; Sivamaruthi, B.S.; Lailerd, N.; Sirilun, S.; Khongtan, S.; Fukngoen, P; Peerajan, S.; Saelee, M.; Chaiyasut, K.; Kesika,
P; et al. Probiotics Supplementation Improves Intestinal Permeability, Obesity Index and Metabolic Biomarkers in Elderly Thai
Subjects: A Randomized Controlled Trial. Foods 2022, 11, 268. [CrossRef]

Kwon, HK,; Kim, G.C.; Kim, Y.; Hwang, W.; Jash, A.; Sahoo, A.; Kim, J.E.; Nam, J.H.; Im, S.H. Amelioration of experimental
autoimmune encephalomyelitis by probiotic mixture is mediated by a shift in T helper cell immune response. Clin. Immunol.
2013, 146, 217-227. [CrossRef]

Moludi, J.; Khedmatgozar, H.; Saiedi, S.; Razmi, H.; Alizadeh, M.; Ebrahimi, B. Probiotic supplementation improves clinical
outcomes and quality of life indicators in patients with plaque psoriasis: A randomized double-blind clinical trial. Clin. Nutr.
ESPEN 2021, 46, 33-39. [CrossRef]

Zangrilli, A.; Diluvio, L.; Di Stadio, A.; Di Girolamo, S. Improvement of Psoriasis Using Oral Probiotic Streptococcus salivarius
K-12: A Case-Control 24-Month Longitudinal Study. Probiotics Antimicrob. Proteins 2022, 14, 573-578. [CrossRef]

Moludj, J.; Fathollahi, P.; Khedmatgozar, H.; Pourteymour Fard Tabrizi, F.; Ghareaghaj Zare, A.; Razmi, H.; Amirpour, M.
Probiotics Supplementation Improves Quality of Life, Clinical Symptoms, and Inflammatory Status in Patients With Psoriasis. J.
Drugs Dermatol. 2022, 21, 637-644. [CrossRef]

Marighela, T.F,; Arismendi, M.I.; Marvulle, V.; Brunialti, M.K.C.; Salomao, R.; Kayser, C. Effect of probiotics on gastrointestinal
symptoms and immune parameters in systemic sclerosis: A randomized placebo-controlled trial. Rheumatology 2019, 58, 1985-1990.
[CrossRef]

Huang, H.L.; Xu, HM,; Liu, Y.D.; Shou, D.W.; Nie, Y.Q.; Chen, H.T.; Zhou, Y.J. Fecal microbiota transplantation as a novel
approach for the treatment of atopic dermatitis. J. Dermatol. 2021, 48, e574—-e576. [CrossRef]

Mashiah, J.; Karady, T.; Fliss-Isakov, N.; Sprecher, E.; Slodownik, D.; Artzi, O.; Samuelov, L.; Ellenbogen, E.; Godneva, A.; Segal,
E.; et al. Clinical efficacy of fecal microbial transplantation treatment in adults with moderate-to-severe atopic dermatitis. Immun.
Inflamm. Dis. 2022, 10, e570. [CrossRef]

Zou, B,; Liu, S.-X,; Li, X.-S.; He, ].-Y,; Dong, C.; Ruan, M.-L.; Xu, L.; Bai, T.; Huang, Z.-H.; Shu, S.-N. Long-term safety and efficacy
of fecal microbiota transplantation in 74 children: A single-center retrospective study. Front. Pediatr. 2022, 10, 964154. [CrossRef]
Huang, C.; Yi, P; Zhu, M.; Zhou, W.; Zhang, B.; Yi, X.; Long, H.; Zhang, G.; Wu, H.; Tsokos, G.C; et al. Safety and efficacy of fecal
microbiota transplantation for treatment of systemic lupus erythematosus: An EXPLORER trial. ]. Autoimmun. 2022, 130, 102844.
[CrossRef]

Fretheim, H.; Chung, B.K.; Didriksen, H.; Baekkevold, E.S.; Midtvedt, O.; Brunborg, C.; Holm, K.; Valeur, J.; Tennoe, A.H.; Garen,
T.; et al. Fecal microbiota transplantation in systemic sclerosis: A double-blind, placebo-controlled randomized pilot trial. PLoS
ONE 2020, 15, €0232739. [CrossRef]

Selvanderan, S.P.; Goldblatt, F.; Nguyen, N.Q.; Costello, S.P. Faecal microbiota transplantation for Clostridium difficile infection
resulting in a decrease in psoriatic arthritis disease activity. Clin. Exp. Rheumatol. 2019, 37, 514-515.

Kragsnaes, M.S.; Kjeldsen, J.; Horn, H.C.; Munk, H.L.; Pedersen, J.K,; Just, S.A.; Ahlquist, P.; Pedersen, EM.; de Wit, M.; Moller, S.;
et al. Safety and efficacy of faecal microbiota transplantation for active peripheral psoriatic arthritis: An exploratory randomised
placebo-controlled trial. Ann. Rheum. Dis. 2021, 80, 1158-1167. [CrossRef]

Yin, G,; Li, ].E; Sun, Y.E; Ding, X.; Zeng, ].Q.; Zhang, T.; Peng, L.H.; Yang, Y.S.; Zhao, H. Fecal microbiota transplantation as a
novel therapy for severe psoriasis. Zhonghua Nei Ke Za Zhi 2019, 58, 782-785. [CrossRef]

Cleophas, M.C.P; Ratter, ].M.; Bekkering, S.; Quintin, J.; Schraa, K.; Stroes, E.S.; Netea, M.G.; Joosten, L.A.B. Effects of oral
butyrate supplementation on inflammatory potential of circulating peripheral blood mononuclear cells in healthy and obese
males. Sci. Rep. 2019, 9, 775. [CrossRef]

Abramczyk, R.; Queller, ].N.; Rachfal, A.W.; Schwartz, S.S. Diabetes and Psoriasis: Different Sides of the Same Prism. Diabetes
Metab. Syndr. Obes. 2020, 13, 3571-3577. [CrossRef]

Soltani-Arabshahi, R.; Wong, B.; Feng, B.].; Goldgar, D.E.; Duffin, K.C.; Krueger, G.G. Obesity in early adulthood as a risk factor
for psoriatic arthritis. Arch. Dermatol. 2010, 146, 721-726. [CrossRef]

Roshanravan, N.; Alamdari, N.M.; Jafarabadi, M.A.; Mohammadi, A.; Shabestari, B.R.; Nasirzadeh, N.; Asghari, S.; Mansoori, B.;
Akbarzadeh, M.; Ghavami, A.; et al. Effects of oral butyrate and inulin supplementation on inflammation-induced pyroptosis
pathway in type 2 diabetes: A randomized, double-blind, placebo-controlled trial. Cytokine 2020, 131, 155101. [CrossRef]
Roshanravan, N.; Mahdavi, R.; Alizadeh, E.; Ghavami, A.; Rahbar Saadat, Y.; Mesri Alamdari, N.; Alipour, S.; Dastouri, M.R,;
Ostadrahimi, A. The effects of sodium butyrate and inulin supplementation on angiotensin signaling pathway via promotion of
Akkermansia muciniphila abundance in type 2 diabetes; A randomized, double-blind, placebo-controlled trial. J. Cardiovasc.
Thorac. Res. 2017, 9, 183-190. [CrossRef]

45


http://doi.org/10.3389/fped.2022.956141
http://www.ncbi.nlm.nih.gov/pubmed/36061384
http://doi.org/10.1016/j.clnu.2021.02.015
http://www.ncbi.nlm.nih.gov/pubmed/33642142
http://doi.org/10.3390/foods11030268
http://doi.org/10.1016/j.clim.2013.01.001
http://doi.org/10.1016/j.clnesp.2021.09.004
http://doi.org/10.1007/s12602-022-09937-1
http://doi.org/10.36849/JDD.6237
http://doi.org/10.1093/rheumatology/kez160
http://doi.org/10.1111/1346-8138.16169
http://doi.org/10.1002/iid3.570
http://doi.org/10.3389/fped.2022.964154
http://doi.org/10.1016/j.jaut.2022.102844
http://doi.org/10.1371/journal.pone.0232739
http://doi.org/10.1136/annrheumdis-2020-219511
http://doi.org/10.3760/cma.j.issn.0578-1426.2019.10.011
http://doi.org/10.1038/s41598-018-37246-7
http://doi.org/10.2147/DMSO.S273147
http://doi.org/10.1001/archdermatol.2010.141
http://doi.org/10.1016/j.cyto.2020.155101
http://doi.org/10.15171/jcvtr.2017.32

Int. . Mol. Sci. 2023, 24, 3494 25 of 25

183.

184.

185.

186.

187.

188.

189.
190.

191.

192.

Roshanravan, N.; Mahdavi, R.; Alizadeh, E.; Jafarabadi, M.A.; Hedayati, M.; Ghavami, A.; Alipour, S.; Alamdari, N.M.; Barati, M.;
Ostadrahimi, A. Effect of Butyrate and Inulin Supplementation on Glycemic Status, Lipid Profile and Glucagon-Like Peptide
1 Level in Patients with Type 2 Diabetes: A Randomized Double-Blind, Placebo-Controlled Trial. Horm. Metab. Res. 2017, 49,
886-891. [CrossRef]

Chambers, E.S.; Byrne, C.S.; Morrison, D.J.; Murphy, K.G.; Preston, T.; Tedford, C.; Garcia-Perez, I.; Fountana, S.; Serrano-
Contreras, J.I.; Holmes, E.; et al. Dietary supplementation with inulin-propionate ester or inulin improves insulin sensitivity in
adults with overweight and obesity with distinct effects on the gut microbiota, plasma metabolome and systemic inflammatory
responses: A randomised cross-over trial. Gut 2019, 68, 1430-1438. [CrossRef]

Chambers, E.S.; Viardot, A.; Psichas, A.; Morrison, D.J.; Murphy, K.G.; Zac-Varghese, S.E.; MacDougall, K.; Preston, T.; Tedford,
C.; Finlayson, G.S.; et al. Effects of targeted delivery of propionate to the human colon on appetite regulation, body weight
maintenance and adiposity in overweight adults. Gut 2015, 64, 1744-1754. [CrossRef]

Todesco, T.; Rao, A.V.; Bosello, O.; Jenkins, D.]J. Propionate lowers blood glucose and alters lipid metabolism in healthy subjects.
Am. ]. Clin. Nutr. 1991, 54, 860-865. [CrossRef]

Chambers, E.S.; Byrne, C.S.; Aspey, K.; Chen, Y.; Khan, S.; Morrison, D.J.; Frost, G. Acute oral sodium propionate supplementation
raises resting energy expenditure and lipid oxidation in fasted humans. Diabetes Obes. Metab. 2018, 20, 1034-1039. [CrossRef]
Gertsman, I.; Gangoiti, J.A.; Nyhan, W.L.; Barshop, B.A. Perturbations of tyrosine metabolism promote the indolepyruvate
pathway via tryptophan in host and microbiome. Mol. Genet. Metab. 2015, 114, 431-437. [CrossRef]

Katz, E.; Nisani, S.; Chamovitz, D.A. Indole-3-carbinol: A plant hormone combatting cancer. FI000Res. 2018, 7, 689. [CrossRef]
Naik, R.; Nixon, S.; Lopes, A.; Godfrey, K.; Hatem, M.H.; Monaghan, ].M. A randomized phase II trial of indole-3-carbinol in the
treatment of vulvar intraepithelial neoplasia. Int. ]. Gynecol. Cancer 2006, 16, 786-790. [CrossRef]

Boltezar, I.H.; Bahar, M.S.; Zargi, M.; Gale, N.; Mati¢i¢, M.; Poljak, M. Adjuvant therapy for laryngeal papillomatosis. Acta
Dermatovenerol. Alp. Pannonica. Adriat. 2011, 20, 175-180.

Ashrafian, L.; Sukhikh, G.; Kiselev, V.; Paltsev, M.; Drukh, V.; Kuznetsov, I.; Muyzhnek, E.; Apolikhina, I.; Andrianova, E.
Double-blind randomized placebo-controlled multicenter clinical trial (phase IIa) on diindolylmethane’s efficacy and safety in the
treatment of CIN: Implications for cervical cancer prevention. EPMA J. 2015, 6, 25. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

46


http://doi.org/10.1055/s-0043-119089
http://doi.org/10.1136/gutjnl-2019-318424
http://doi.org/10.1136/gutjnl-2014-307913
http://doi.org/10.1093/ajcn/54.5.860
http://doi.org/10.1111/dom.13159
http://doi.org/10.1016/j.ymgme.2015.01.005
http://doi.org/10.12688/f1000research.14127.1
http://doi.org/10.1111/j.1525-1438.2006.00386.x
http://doi.org/10.1186/s13167-015-0048-9

6.2. Stec A, Maciejewska M, Paralusz-Stec K, Michalska M, Giebuttowicz J, Rudnicka L, Sikora
M.: The Gut Microbial Metabolite Trimethylamine N-Oxide is Linked to Specific
Complications of Systemic Sclerosis. Journal of Inflammation Research 2023;16:1895-

1904. https://doi.org/10.2147/JIR.S409489

47



Journal of Inflammation Research Dove

ORIGINAL RESEARCH

The Gut Microbial Metabolite Trimethylamine
N-Oxide is Linked to Specific Complications of
Systemic Sclerosis

Albert Stec ', Magdalena Maciejewska ', Karolina Paralusz-Stec', Milena Michalskaz, Joanna Giebu’rtowicz3,
Lidia Rudnicka', Mariusz Sikora

'Department of Dermatology, Medical University of Warsaw, Warsaw, Poland; 2Department of General, Vascular and Transplant Surgery, Medical
University of Warsaw, Warsaw, Poland; >Department of Bioanalysis and Drugs Analysis, Faculty of Pharmacy, Medical University of Warsaw, Warsaw,
Poland; “National Institute of Geriatrics, Rheumatology and Rehabilitation, Warsaw, Poland

Correspondence: Mariusz Sikora, National Institute of Geriatrics, Rheumatology and Rehabilitation, Spartanska I, Warsaw, 02-637, Poland, Tel +48 22 670 91 00,
Fax +48 22 844 77 97, Email drmariuszsikora@gmail.com

Background: Systemic sclerosis (SSc) is a rare immune-mediated connective tissue disease characterized by fibrosis of the skin and
internal organs, whose pathogenesis is not fully understood. Recent studies have revealed dysbiosis in patients with systemic sclerosis
and have indicated the possible role of the microbiota and its metabolites in the pathogenesis of the disease. Trimethylamine N-oxide
(TMAO) is a compound produced by dysbiotic microbiota observed at higher concentrations in several autoimmune diseases.
Objective: To determine concentrations of the bacteria-derived metabolite TMAO in patients with systemic sclerosis and to assess
possible correlation between TMAO and a specific manifestation of the disease.

Patients and Methods: The study included 63 patients with SSc and 47 matched control subjects. The concentration of TMAO was
measured with high-performance liquid chromatography.

Results: Plasma TMAO level was significantly increased in patients with SSc (283.0 [188.5-367.5] ng/mL versus 205.5 [101.0—
318.0] ng/mL; p < 0.01). An increased concentration of TMAO was observed in patients with concomitant interstitial lung disease
(ILD) (302.0 ng/mL [212.0-385.5] ng/mL versus 204.0 [135.5-292.0] ng/mL; p < 0.01) and esophageal dysmotility (289.75 [213.75—
387.5] ng/mL versus 209.5 ng/mL [141.5-315.0] ng/mL; p < 0.05) compared to patients without these complications. Furthermore,
TMAO concentration exhibited significant correlation with markers of heart involvement (left ventricle ejection fraction, NT-proBNP),
marker of ILD severity and Scleroderma Clinical Trials Consortium Damage Index.

Conclusion: The concentration of TMAO, gut microbiota-associated metabolite, is increased in systemic sclerosis, particularly in
patients with advanced organ involvement. This is the first study evaluating plasma TMAO in systemic sclerosis. Bacterial metabolites
may be a link between dysbiosis and organ involvement in the course of the disease. Modulation of gut bacterial-derived metabolites
may represent a new therapeutic approach in the management of systemic sclerosis.

Keywords: gut microbiota, systemic sclerosis, trimethylamine N-oxide, bacterial metabolites, dysbiosis, damage index

Introduction
Systemic sclerosis (SSc) is an immune-mediated connective tissue disease. It is characterized by fibrosis of the skin,
internal organs (eg, lungs, gastrointestinal tract) and vascular abnormalities. Based on the extent of skin involvement, SSc is
commonly classified into two main subsets: diffuse cutaneous SSc (dcSSc) and limited cutaneous SSc (IcSSc).' > To date,
the pathology of systemic sclerosis remains not fully elucidated and there is a lack of established biomarkers of SSc severity
and organ involvement.*> Early intervention with immunomodulators in patients with SSc may lead to better outcome.®’
Recently, there has been a growing number of studies presenting alteration in intestinal microbiota (dysbiosis) in
patients with systemic sclerosis and its impact on the disease. Gut microbiota profiling in systemic sclerosis revealed

significant changes in its biodiversity and composition compared to healthy controls. Patients with SSc are characterized
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by an increased abundance of Fusobacterium, Desulfovibrio, Ruminococcus, and Lactobacillus, and a decreased abun-
dance of Faecalibacterium.*'° Furthermore, some of the SSc complications, such as interstitial lung disease (ILD) and
esophageal dysmotility, are associated with more pronounced dysbiosis.'''> Currently, research on modifying microbiota
in SSc is emerging. Some studies have shown that probiotics or fecal microbiota transplantation may improve SSc,
particularly gastrointestinal symptoms of the disease.'* '

In systemic sclerosis, metabolic proficiencies of gut microbiota also differ from the control group;’ thus, it is highly
probable that patients are exposed to a different spectrum of bacterial substances. This exposure can be magnified by
vascular abnormalities and intestinal involvement'’ which increase intestinal permeability.'®'? The pathways by which
microbiota can regulate human homeostasis have recently been intensively investigated. Among them, the impact of
microbiota metabolites is the most direct and has been the best described. Some bacterial metabolites present in increased
concentrations in the state of dysbiosis are considered detrimental to homeostasis. These metabolites include trimethy-
lamine N-oxide (TMAO).?*?! TMAO is known for its pro-inflammatory properties, which exacerbate several diseases,
especially atherosclerosis, chronic kidney disease and type 2 diabetes.”*

TMAO is a small molecule that is transformed by the liver from bacterial metabolite — trimethylamine (TMA).**** The
literature reports that the concentration of plasma TMAO is increased in conditions such as cardiovascular diseases,?®
and renal insufﬁciency,29 also in rheumatic diseases such as psoriatic arthritis,>® and rheumatoid arthritis.>' Furthermore,
a recent pre-clinical study has found that TMAO significantly increases the expression of extracellular matrix proteins
associated with fibrosis and the major profibrotic cytokine TGF-B1, which are the key elements of SSc pathomechanism. >

The study aimed to determine concentrations of the bacteria-derived metabolite TMAO in plasma of SSc patients as
well as assess potential correlation between plasma TMAO concentration and various clinical (age, disease subtype,

concomitant lung, gastrointestinal, or cardiac involvement) and metabolic factors in SSc.

Materials and Methods
Subject

The study included 63 adult patients diagnosed with systemic sclerosis based on the American College of Rheumatology
(ACR)/European League Against Rheumatism (EULAR) 2013 classification criteria. Patients were recruited from the
Department of Dermatology at the Medical University of Warsaw between February 2021 and January 2022.

Exclusion criteria included gastrointestinal infection during the last 3 months before the study, concomitant chronic
gastrointestinal disorder (eg, Crohn’s disease, celiac disease), any gastrointestinal surgical procedures or unexplained
weight loss during the last 6 months prior to the study, dietary restrictions or intake of medications modulating gut
microbiota (antibiotics, probiotics or prebiotics) within the previous 3 months, chronic liver and pancreatic disease, other
autoimmune diseases, estimated glomerular filtration rate (¢GFR) of <60 mL/min/1.73 m?, pregnancy, and breastfeeding.

The control group consisted of 47 individuals who were matched for age, body mass index (BMI), and gender.
Control group subjects fulfilled the same exclusion criteria.

Clinical Assessment
Detailed medical history was obtained from all participants. The extent of skin involvement was analyzed with a modified
Rodnan skin score (mRSS). Microvascular abnormalities assessed in capilaroscopy were classified into early, active, or late

scleroderma patterns according to Cutolo et al.*

To evaluate the gastrointestinal manifestation of systemic sclerosis a barium
swallow X-ray was performed. To determine lung involvement, high-resolution computed tomography (HRCT) and pulmon-
ary function tests, including diffusing capacity for carbon monoxide (DLCO), were performed. Cardiac involvement was
assessed in echocardiography and by measuring N-terminal pro-B-type natriuretic peptide (NT-proBNP). To quantify organ

damage in the course of SSc, we used Scleroderma Clinical Trials Consortium Damage Index (SCTC-DI).

Laboratory Assessment
Patients have the following tests performed: complete blood count, erythrocyte sedimentation rate glucose, lipid, kidney
and liver profiles. Venous blood samples were taken for analysis following a 12-hour fast. Estimated glomerular filtration
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rate (eGFR) was calculated using the CDK-EPI equation. Antinuclear antibodies were detected and identified with
immunoblot assay.

Plasma TMAO concentration was measured using high-performance liquid chromatography (HPLC) coupled with
triple-quadrupole mass spectrometry as previously described.>*

Statistical Analysis

The statistical software STATISTICA 13.3 was used for all calculations (TIBCO, Palo Alto, CA, USA). The Shapiro—
Wilk test was used to determine if the distribution of the data was normal. The mean with standard deviation were used to
represent normally distributed data, while the median and interquartile range (IQR) were used to express non-normally
distributed variables. A chi-squared test was used to compare categorical data that were presented as counts and
percentages. For two independent samples, a Student’s #-test after assessment of the equality of variances by Levene’s
test, or Mann—Whitney U-test was used to assess the continuous variables that were parametric and nonparametric,
respectively. To evaluate potential linear correlations between two continuous variables, the Spearman rank test with
correlation coefficient was applied. P-values <0.05 were considered to be statistically significant.

Ethics

The study was approved by the Regional Bioethical Committee at the Medical University of Warsaw (KB/136/2021).
Written informed consent was obtained from all participants. The study has been carried out in accordance with the
Declaration of Helsinki.

Results

Characteristics of the Study Group
The study included 63 SSc patients (57 women and 6 men) and 47 controls (42 women and 5 men) matched for age, sex
and BMI. The mean age of patients and volunteers was 59.9 and 55.5 years, respectively. The SSc cohort consisted of 34
(54.0%) individuals with dcSSc and 29 (54.0%) individuals with 1cSSc based on LeRoy’s criteria.

Detailed characteristics of SSc patients including demographical, clinical, and serological features are presented in
Table 1.

TMAO in Systemic Sclerosis
The median concentration of TMAO in the group of patients with systemic sclerosis was 283.0 ng/mL (IQR 188.5-
367.5) and it was significantly higher compared to the control group (205.5 ng/mL, IQR 101.0-318.0, p = 0.006,
Figure 1).

Furthermore, we found a significant moderate correlation between TMAO concentration and the age of patients (rtho =
0.446; p = 0.0002; Figure 2).

When patients were categorized according to antinuclear antibodies, there were no significant differences between
patients with positive anti-RNA polymerase III (298.5 ng/mL, IQR 230.5-368.0), antitopoisomerase I (262.5 ng/mL, IQR
169.0-340.0) and anticentromere antibodies (284.7 ng/mL, IQR 189.0-345.0).

TMAO and Skin Involvement
There was no significant difference between patients with 1cSSc (280.7 ng/mL; IQR 183.5-330.7) and dcSSc (287.7 ng/
mL; IQR 185.2-375.7). No significant correlation was found between TMAO concentration and skin involvement
measured by mRSS.

TMAO level did not differ between SSc patients presenting early (284.7 ng/mL; IQR 206.2-632.0), active (253.5 ng/
mL; IQR 178.0-315.0), and late (308.7 ng/mL; IQR 204.0-366.0) patterns in NVC.
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Table | The Main Characteristics of SSc Patients and the Control Group

SSc Patients (n = 63) | Control Group (n = 47) | p-value

Age, years 59.9+12.7 55.5+14.4 0.09
Sex 0.85
Men, n (%) 6 (5.4%) 5 (4.5%)

Women, n (%) 57 (51.8%) 42 (38.2%)

Body mass index, kg/m? 24.1£3.4 24.843.2 0.11

Disease subset, n (%)

Limited cutaneous SSc 29 (46%) - -
Diffuse cutaneous SSc 34 (54%) - -
Modified Rodnan skin score 5[2-9] - -
Disease duration, years 8.5 [4-14] - -

Autoantibody positivity, n (%)

Antinuclear autoantibodies (ANA) 62 (98.4%) - -
Anticentromere autoantibodies (ACA) 27 (42.9%) - -
Antitopoisomerase | autoantibodies (ATA) 29 (46.0%) - -

Anti-RNA polymerase Ill autoantibodies (ARA) | 4 (6.3%) - -

Interstitial lung disease, n (%) 47 (74.6%) - -
Pulmonary hypertension, n (%) 2 (3.2%)
Esophageal dysmotility, n (%) 37 (58.7%) - -

Current Immunosuppressive therapy, n (%)
Methotrexate 13 (20.6%) - -
Mycophenolate mofetil 24 (28.0%) - -

Current vasoactive therapy, n (%)

Alprostadil 42 (66.7%) - -
Calcium channel antagonist 15 (23.8%) - -
Phosphodiesterase 5 inhibitors 26 (41.3%) - -
Sulodexide 48 (76.1%) - -

TMAO and Interstitial Lung Disease

A comparison of TMAO concentration in the group of patients showed significantly higher TMAO levels in SSc patients with
interstitial lung disease (Figure 3). The median concentration of TMAO in the subgroup with ILD was 302.0 ng/mL (IQR 212.0—
385.5) compared to 204.0 ng/mL (IQR 135.5-292.0) in the subgroup without this complication (p =0.001). Furthermore, DLCO,
a marker of the restriction caused by ILD, showed a significant negative correlation with TMAO level (tho=—0.53; p = 0.013
(Figure 4).

TMAO and Gastrointestinal Manifestations of the Disease

In SSc patients with concomitant esophageal dysmotility (confirmed in barium swallow) TMAO concentration was
significantly higher (289.75 ng/mL [IQR 213.75-387.5]) than in subgroup with normal esophageal passage (209.5 ng/mL
[IQR 141.5-315.0] p = 0.026, Figure 5).
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Figure | Plasma concentration of trimethylamine N-oxide (TMAO) in patients with systemic sclerosis compared to controls (* p < 0.05).
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Figure 2 Correlation of TMAO with the age of patients with SSc (rho = 0.446; p < 0.001).

TMAO and Cardiac Involvement of SSc

Spearman correlation coefficient revealed a significant negative correlation between TMAO plasma concentration and
left ventricle (LV) ejection fraction in echocardiography (rtho=—-0.39; p = 0.009, Figure 6), and a significant positive
correlation between TMAO and NT-proBNP concentration (rtho = 0.41; p = 0.0009, Figure 7).

TMAO and Organ Damage in SSc

There was a significant correlation (rtho = 0.78; p = 0.0001) between TMAO concentration and the Scleroderma Clinical

Trials Consortium Damage Index (SCTC-DI) as shown in Figure 8.

Discussion

This work provides evidence that intestinal microbiota metabolite TMAO is associated with some specific complications of
systemic sclerosis. To the best of our knowledge, this is the first human study investigating microbiota metabolite TMAO in
SSc. We found that this compound is present in a greater concentration in patients with SSc compared to the age-, sex-, and
BMI-matched control subjects. The possible explanation for this could be that bacterial genera which are more abundant in the
dysbiotic microbiota of SSc patients (ie, Fusobacterium, Desulfovibrio, Ruminococcus) have been observed to be linked with
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Figure 3 Plasma concentration of trimethylamine N-oxide (TMAO) in SSc patients with interstitial lung disease (ILD) and without this complication (* p < 0.05).
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Figure 4 Correlation of trimethylamine N-oxide (TMAO) with diffusing capacity of lung for carbon monoxide (DLCO; rho = —0.53; p < 0.05).

greater plasma TMAO concentrations.>® Moreover, dysbiosis with an abundance of these bacteria has been observed in
conditions such as end-stage renal disease,”’ pulmonary arterial hypertension,*® and cardiac failure.*

Additionally, SSc patients with concomitant interstitial lung disease and reflux disease were characterized by an
increased level of TMAO compared to patients without mentioned comorbidities. Significant correlations between the
TMAO level and markers of cardiac involvement were also revealed. The observed results are corresponding to the
previous preclinical studies. Endothelial injury is an early feature of systemic sclerosis and plays a key role in
pathogenesis.*® Recent preclinical studies have shown that TMAO can potentially impact the pathogenesis of systemic
sclerosis by inducing endothelial injury, promoting profibrotic cytokine signaling and collagen deposition, suppressing
endothelium-dependent dilation of arteries, and inhibiting nitric oxide release in the epithelium.*>*"*? It was observed
that TMAO can induce the differentiation of fibroblasts into myofibroblasts and endothelial-mesenchymal transition.*>
The presence of myofibroblasts in involved organs is one of the histopathological hallmarks of systemic sclerosis.*?

The available literature reveals that the incidence and increased severity of SSc-associated complications may be linked to
an increased level of TMAO. An elevated level of this metabolite has been observed in pulmonary arterial hypertension
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Figure 5 Plasma concentration of trimethylamine N-oxide (TMAO) in SSc patients subgroup with esophageal dysmotility and without this complication (* p < 0.05).

1200 -
o
o
TE:: 800 - 5
=
o O
S 400- % ° o
- g OcO
©°3 go °© 5
0 T T T 1
40 50 60 70 80
LVEF [%]

Figure 6 Correlation of trimethylamine N-oxide (TMAO) with left ventricular ejection fraction (LVEF; rho = —0.39; p < 0.01).
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Figure 7 Correlation of trimethylamine N-oxide (TMAO) with N-terminal pro B-type natriuretic peptide (NT-proBNP; rho = 0.41; p < 0.001).
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Figure 8 Correlation of trimethylamine N-oxide (TMAO) with the Scleroderma Clinical Trials Consortium Damage Index (SCTC-DI; rho = 0.78; p < 0.001).

(PAH)**** which is a common comorbidity in systemic sclerosis and affects about 15% of patients.! Additionally, higher
TMAO level was related to the worse course of PAH.*** In heart involvement, microbiota metabolites could be also an
important factor in prognosis. Literature reports that TMAO can aggravate heart fibrosis and therefore decrease ejection
fraction and contractility of the myocardium.*® More severe gastrointestinal symptoms, including esophageal reflux, were
observed in patients with higher circulating TMAO.*” Despite these encouraging findings, it is still unknown whether a rise in
TMAO is a causative factor of the mentioned conditions or just an effect of the disease. To accurately evaluate the pathogenic
effect of TMAO on the complications of systemic sclerosis more studies are needed, especially prospective and multi-
centered, that would evaluate the long-term exposition to TMAO and its potential effects. However, several studies reported
the advantages of an approach based on reducing the TMAO level. Lowering TMAO by 3,3-dimethyl-1-butanol (DMB), an
inhibitor of the bacterial synthesis of TMA, improved hemodynamic parameters and pulmonary vascular remodeling in mouse
and rat models of PAH.**** In a mouse model of cardiac fibrosis lowering TMAO was associated with the decreased gene
expression level of collagen I and TGF-B, and decreased fibrosis in a microscopic examination of cardiomyocytes.*®
According to the mentioned studies, patients with systemic sclerosis may benefit from adjuvant medication intended to
reduce harmful bacteria metabolites and possibly experience reduced disease activity. A growing number of evidences suggest
that TMAO concentration can be modulated by several bioactive compounds or dietary patterns. The low-fat diet, resveratrol,
capsanthin and allicin decrease TMAO concentrations, whereas high-fat and high protein diet promote overproduction of
TMAO. Diet can affect TMAO in several pathways, including the metabolism of its precursors, modulating intestinal
permeability as well as shifting gut microbiota.**~°

Understanding the mechanisms of how dysbiotic microbiota and its metabolites may influence systemic sclerosis seems to be
valuable in clinical practice. Our study suggests that TMAO may serve as a useful marker for identifying the severity of multi-
organ involvement in SSc due to exhibiting a strong positive correlation with SCTC-DI. Therefore, measurement of TMAO may
help to stratify patients into different disease severity categories, which could help to optimize the treatment of the disease.

Limitations of our study include small sample size, single-center type, and cross-sectional character. To assess the
causative effects of prolonged exposure to increased plasma levels of bacterial metabolites on the development of
complications of SSc prospective, multicenter studies are needed.

Conclusion

Our cross-sectional study showed that increased plasma TMAO level was associated with increased prevalence and severity of
interstitial lung disease and heart involvement in systemic sclerosis. Also, a higher concentration of TMAO was observed in
patients with concomitant gastroesophageal dysmotility. This is the first study evaluating plasma TMAO in systemic sclerosis.
The mentioned findings indicate the possible usefulness of TMAO as a biomarker of incidence, and severity of complications
of the disease. A more profound knowledge of the causal link between microbiota metabolites and SSc may point to
pathophysiological pathways that may be addressed for targeted therapeutics to improve disease severity and complications.
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Abstract: Systemic sclerosis (SSc) is an immune-mediated connective tissue disease. Recent studies
reported differences in the composition of intestinal microbiota (dysbiosis) in patients with SSc
compared to nonsclerodermic subjects. Dysbiosis may disrupt the intestinal barrier, which leads to
immunological activation via microbial antigen and metabolite translocation. The study aimed to
assess the differences in intestinal permeability between SSc patients and controls and to examine
the correlation between intestinal permeability and complications of SSc. The study comprised
50 patients with SSc and 30 matched subjects. Serum intestinal permeability markers: intestinal
fatty acid binding protein, claudin-3, and lipopolysaccharides (LPS) were determined using an
enzyme-linked immunosorbent assay. SSc patients had a significantly increased concentration of LPS
compared to control subjects (232.30 [149.00-347.70] versus 161.00 [83.92-252.20] pg/mL, p < 0.05).
The patients with shorter SSc duration (<6 years) had an increased concentration of LPS and claudin-3
compared to the subgroup with longer disease length: LPS (280.75 [167.30-403.40] versus 186.00
[98.12-275.90] pg/mL, p < 0.05), and claudin-3 (16.99 [12.41-39.59] versus 13.54 [10.29-15.47] ng/mL,
p < 0.05). The patients with esophageal dysmotility had a decreased LPS level compared to those
without this complication (188.05 [102.31-264.40] versus 283.95 [203.20-356.30] pg/mL, p < 0.05).
Increased intestinal permeability in SSc may exacerbate the course of the disease and increase the risk
of developing complications. Lower LPS levels in SSc might be a hallmark of esophageal dysmotility.

Keywords: systemic sclerosis; microbiota; gut—skin axis; dysbiosis; inflammation; immune-mediated
inflammatory diseases; intestinal barrier; intestinal permeability

1. Introduction

Systemic sclerosis (SSc) is an immune-mediated connective tissue disease with a
chronic, progressive course that causes multiorgan failure and the patient’s disability [1].
The disease is characterized by progressive fibrosis of skin and internal organs with con-
comitant impairment of microcirculation and persistent inflammation. The pathogenesis of
systemic sclerosis is still poorly understood [1].

Accumulating evidence suggests that alterations in the composition of the gut micro-
biome, which is called dysbiosis, may play a role in the pathogenesis of systemic sclero-
sis [2—4] and other immune-mediated skin conditions such as psoriasis [5] and systemic
lupus erythematosus [6]. Changes in the intestinal microbiota in the course of systemic
sclerosis are characterized by an increased presence of bacteria of the genera Fusobacterium,
Desulfovibrio, Ruminococcus, and Lactobacillus and a decreased presence of bacteria of the
genus Faecalibacterium [2—4]. The concept of the gut-skin axis suggests a connection between
changes in the intestinal microbiota and skin immunological responses [7]. However, the
exact mechanism causing this crosstalk is unknown yet. One of the possible factors is the
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disruption of the intestinal barrier, which causes increased intestinal permeability. It can
result in the translocation of intestinal luminal content, e.g., allergens, bacterial endotoxins,
metabolites, or even whole bacterial cell components, into the circulation, which further
initiates or exacerbates systemic inflammation [8,9].

Techniques that have been used so far for determining gut barrier integrity, such
as histological examination of intestinal biopsies or oligosaccharide absorption assays,
are complicated, time-consuming, and difficult to apply in routine clinical practice [10].
Alternatives for the mentioned methods include novel biomarkers, which can be assessed
from the blood in routine blood collection. The biomarkers are intestinal fatty acid binding
protein (IFABP), claudin-3, and lipopolysaccharides (LPS). IFABP is a protein that exclu-
sively presents in the cytoplasm of enterocytes in the small intestine. In normal conditions,
passage of this marker into circulation is minimal, whereas damage to the intestinal ep-
ithelium causes a marked increase of IFABP levels in the blood [11]. In turn, claudin-3 is a
component of tight junctions between the enterocytes, and their disruption can be observed
as an increase in the blood level of this marker [12]. LPS is a marker of the translocation
of bacteria through the intestinal epithelium [9,10]. An increased concentration of this
element indicates an extensive bacterial translocation and, additionally, it is a potent proin-
flammatory factor that may exacerbate inflammatory responses [9,13]. When measured
together, the mentioned markers can reliably provide information about the state of the
intestinal barrier.

The study aimed to investigate potential differences in intestinal permeability between
the patients with systemic sclerosis and the matched controls with the use of serum intesti-
nal permeability markers. The impact of various clinical factors on the concentration of the
mentioned markers was also assessed.

2. Materials and Methods
2.1. Study Participants

The study comprised 50 adult patients diagnosed with systemic sclerosis who fulfilled
the classification criteria of the American College of Rheumatology (ACR) and European
League Against Rheumatism (EULAR) 2013. Those patients were recruited from the
Department of Dermatology at the Medical University of Warsaw between January 2022
and June 2022.

To avoid potential bias the following exclusion criteria were used: acute or chronic
gastrointestinal infection within the three months before the study, concomitant inflam-
matory bowel disease, any gastrointestinal surgery or unexplained weight loss within the
six months before, intake of nonsteroidal anti-inflammatory drugs within the previous
week, dietary restrictions, intake of antibiotics, probiotics or synbiotics within the previous
3 months, a history of malignancy, drug or alcohol abuse, chronic liver and pancreatic
disease, estimated glomerular filtration rate (eGFR) of <60 mL/min/1.73 m?, pregnancy,
and breastfeeding.

The control group consisted of 30 individuals who were matched for age, gender, and
body mass index (BMI). Subjects in the control group met the same exclusion criteria.

2.2. Clinical Assessment

Detailed medical history was obtained from all of the participants. The severity of the
disease was assessed with Valentini Disease Activity Score. The stage of skin involvement
was analyzed with the modified Rodnan skin score (mRSS). To evaluate the gastrointestinal
manifestation of systemic sclerosis a normal barium swallow was performed. In addi-
tion, high-resolution computed tomography (HRCT) and body plethysmography were
performed to determine lung involvement. Besides, the cardiac manifestation of systemic
sclerosis was assessed in echocardiography as well as by measuring N-terminal pro b-type
natriuretic peptide (NT-proBNP).
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2.3. Laboratory Assessment

The patients had the following tests performed: complete blood count, erythrocyte
sedimentation rate, creatinine, and estimated glomerular filtration rate (calculated using
the CDK-EPI equation). The venous blood samples were taken after a 12-h fast.

Antinuclear antibodies were evaluated by indirect immunofluorescence pattern on
HEp-2 cells and detected by immunoblot analysis.

The samples were tested by use of commercially available ELISA kits: I-FABP: R&D
Systems, Inc., Minneapolis, MN, USA (assay range: 15.6 pg/mL-1000 pg/mL); LPS: CUS-
ABIO, Wuhan, China (assay range: 6.25 pg/mL-400 pg/mL); and CLDN3: Wuhan Fine
Biotech Co., Wuhan, China (assay range: 0.313 ng/mL-20 ng/mL) in order to quantify the
serum concentration of permeability markers. The concentrations of target proteins in the
test samples were estimated based on the previous studies, and a proper dilution factor was
selected to make the diluted target proteins’ concentration fall within the optimal detection
range of the kit. The concentrations read from the standard curve were multiplied by the
dilution factor. The samples for these analyses were collected according to the manufactur-
ers’ instructions: blood samples were collected from the peripheral vein after a 12-h fasting
period and placed in the serum separator tubes. After 2 h of clotting, the samples were
centrifuged for 20 min at 1000x g. Serum aliquots obtained by centrifugation were stored
at —80 °C until further analysis. All of the measurements were performed in accordance
with the manufacturers’ instructions. Additionally, they were assessed in duplicate and
the means were utilized to further analysis. For the ELISA analyses mentioned above,
intra-assay coefficients of variation were below 8% and inter-assay coefficients of variation
were below 11%.

2.4. Statistical Analysis

The statistical software STATISTICA 13.1 was used for all calculations (StatSoft,
Krakow, Poland). The Shapiro-Wilk test was applied so as to determine if a continu-
ous variable follows a normal distribution. The mean standard deviation (SD) was used to
represent normally distributed data, whereas the median and interquartile range were uti-
lized to describe non-normally distributed variables (IQR). A chi-square test (with the Yates
correction for small groups [n < 10]) was used to compare categorical data that were pre-
sented as counts and percentages. The Student’s t-test was chosen to assess the continuous
variables with a parametric distribution, whereas the Mann-Whitney U test was selected
in order to assess continuous variables with a nonparametric distribution. Besides, Spear-
man’s rank correlation coefficient was applied to evaluate potential correlations between
two continuous variables. The p-value of <0.05 was considered statistically significant.

2.5. Ethics

The study was approved by the Regional Bioethical Committee at the Medical Univer-
sity of Warsaw. Written informed consent was obtained from all of the participants. The
study was carried out in accordance with the Declaration of Helsinki, and it also gained
the approval of the local bioethical committee (approval code: KB136/2021; Bioethics
Committee at the Medical University of Warsaw, Warsaw, Poland).

3. Results
3.1. Patients’ Characteristics

The study included 50 patients with systemic sclerosis and 30 age-, sex-, and BMI-
matched control individuals. According to the design of the study, there was no difference
between the two participant groups in terms of age, sex distribution, or BMI. Table 1
provides an overview of the key demographic, clinical, laboratory, and serological charac-
teristics of individuals with SSc and the control group.
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Table 1. The characteristics of the control group and individuals with SSc.

Systemic Sclerosis (n = 50) Control (n = 30) p-Value
General characteristics

Age, years 57 [48-65] 54 [49-59] 0.22

Sex, women, n (%) 42 (84.00%) 25 (83.33%) 0.94

Body mass index, kg/m? 23.56 [21.31-27.44] 25.29 [22.35-26.25] 0.67

Characteristics of systemic sclerosis

Modified Rodnan skin score 4 [2-9] - -
Limited cutaneous systemic sclerosis, n (%) 27 (54%) - -
Diffuse cutaneous systemic sclerosis, n (%) 23 (46%) - -
Systemic sclerosis duration, years 6 [4-13] - -

Autoantibody positivity

Anticentromere (ACA), n (%) 23 (46%) - -
Antitopoisomerase I (ATA), n (%) 19 (38%) - -
Anti-RNA polymerase III, n (%) 5 (10%) - -
Current treatment
Methotrexate, n (%) 12 (24%) - -
Mycophenolate mofetil, n (%) 14 (28%) - -
Calcium channel blockers, n (%) 9 (18%) - -
Sildenafil, n (%) 25 (50%) - -
Sulodexide, n (%) 29 (58%) - -
Prostaglandins, n (%) 45 (90%) - -
Pentoxifylline, n (%) 4 (8%) - -

3.2. Markers of Intestinal Permeability in Systemic Sclerosis

In patients with systemic sclerosis, we found a significantly higher concentration of
LPS compared to control subjects (232.30 pg/mL [149.00-347.70] versus 161.00 pg/mL
[83.92-252.20], p < 0.05; Figure 1). The differences between SSc and control groups in
other markers of intestinal permeability, i.e., IFABP and claudin-3, were not statistically
significant: IFABP (1505.0 pg/mL [1108.0-1865.0] versus 1598.0 pg/mL [921.8-1835.0],
p = 0.45); claudin-3 (14.44 ng/mL [11.85-94.53] versus 15.22 ng/mL [11.83-23.11], p = 0.63).
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Control SSc Oa1-a3

T Min-Max

Figure 1. The serum concentration of lipopolysaccharides (LPS) in patients with systemic sclerosis
compared to controls; SSc—systemic sclerosis; Q1—the first quartile; Q3—the third quartile; Min—the
lowest value; Max—the highest value (* p < 0.05).
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3.3. Markers of Intestinal Permeability in Subgroups of Disease Duration

Further analysis revealed a significant negative correlation between claudin-3 and
disease duration (rho = —0.31, p < 0.05). Because of this fact, the patients” group has been
split in two by the median disease duration. A comparison of levels of intestinal perme-
ability markers between these two groups revealed a significantly higher concentration
of LPS and claudin-3 in the group with a shorter duration of SSc than the group with a
longer duration: LPS (280.75 pg/mL [167.30—403.40] versus 186.00 pg/mL [98.12-275.90],
p < 0.05; Figure 2A); claudin-3 (16.99 ng/mL [12.41-39.59] versus 13.54 ng/mL [10.29-15.47],
p < 0.05; Figure 2B). Detailed characteristics of both groups are provided in Table 2.

A B
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200 =
50
[ = | | I e R
SSc duration SSc duration Egiéagn SSc duration SSc duration ngd(')a;
<6 years >6 years T Min-Max <6 years >6 years T Min-Max
Figure 2. The serum concentration of lipopolysaccharides (LPS) (A) and claudin-3 (CLDN3) (B) in
patients’ subgroups with different durations of systemic sclerosis (SSc); Q1—the first quartile; Q3—the
third quartile; Min—the lowest value; Max—the highest value (* p < 0.05).
Table 2. The characteristics of the patients with shorter (<6 years) and longer (>6 years) durations of
systemic sclerosis.
Shorter Duration of the Longer Duration of the Value
Disease (<6 Years; n = 28) Disease (>6 years; n = 22) p
General characteristics
Age, years 55.9 + 11.7 57.0 +12.3 0.70
Sex, women, n (%) 21 (75.0%) 21 (95.5%) 0.12
Body mass index, kg/ m? 23.1 [21.1-27.5] 23.8 [21.9-27.4] 0.70
Characteristics of systemic sclerosis
Limited cutaneous systemic sclerosis, n (%) 16 (57.1%) 11 (50.0%) 0.62
Diffuse cutaneous systemic sclerosis, n (%) 12 (42.9%) 11 (50.0%) 0.62
Modified Rodnan skin score 4 [2-6] 4.5[2-9] 0.41
Interstitial lung disease, n (%) 14 (50.0%) 19 (86.4%) 0.02
Diffusing capacity of the lungi for carbon monoxide 7114 + 21.08 72.96 + 13.62 0.62
(DLCO), %
Left ventricular ejection fraction (LVEF), % 65 [60-67] 65 [60-65] 0.99
Esophageal dysmotility, n (%) 13 (46.4%) 14 (63.6%) 0.55
Autoantibody positivity
Anticentromere (ACA), n (%) 16 (57.1%) 7 (31.8%) 0.13
Antitopoisomerase I (ATA), n (%) 9 (32.1%) 10 (45.5%) 0.50
Anti-RNA polymerase III, n (%) 3 (10.7%) 2 (9.1%) 0.78
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Table 2. Cont.

Shorter Duration of the Longer Duration of the Value
Disease (<6 Years; n = 28) Disease (>6 years; n = 22) P
Intestinal barrier parameters
Intestinal fatty acid binding protein (IFABP), pg/mL 1375.0 [1060.0-1828.5] 1534.0 [1108.0-1885.0] 0.61
Claudin-3 (CLDN3), ng/mL 16.99 [12.41-39.59] 13.54 [10.29-15.47] 0.02
Lipopolysaccharides (LPS), pg/mL 280.75 [167.30-403.40] 186.00 [98.12-275.90] 0.02
Laboratory parameters
Erythrocyte sedimentation rate, mm/h 13.0 [6.0-21.0] 8.5[7.0-12.0] 0.41
Estimated glomerul.ar flltratlog rate (eGFR), 87.41 + 19.49 79.19 + 18.28 0.15
mL/min./1.73 m
N-terminal pro b-type natriuretic peptide . .
(NT-proBNP), pg/mL 126 [74-230] 145 [64.5-206.5] 0.90

3.4. Lipopolysaccharides (LPS) in Specific Comorbidities of Systemic Sclerosis

The patients with esophageal dysmotility were characterized by a significantly de-
creased level of LPS compared to the patients without this complication (188.05 pg/mL
[102.31-264.40] versus 283.95 pg/mL [203.20-356.30], p < 0.05; Figure 3).
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Figure 3. The serum concentration of lipopolysaccharides (LPS) in the patients with systemic sclerosis
and absent esophageal dysmotility compared to the subgroup with present esophageal dysmotility;
Ql—the first quartile; Q3—the third quartile; Min—the lowest value; Max—the highest value
(*p <0.05).

In the subgroup with a shorter duration of SSc and concomitant interstitial lung disease,
we observed an increased level of LPS compared to the subgroup with a shorter duration
of SSc and absent ILD (385.55 pg/mL [266.90-506.50] versus 217.75 pg/mL [157.25-280.75],
p < 0.05; Figure 4).
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The subgroup with duration of SSc <6 years
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Figure 4. The serum concentration of lipopolysaccharides (LPS) in the patients’ subgroup with a
shorter duration of the disease with or without concomitant interstitial lung disease (ILD); Q1—the
first Q3—the third quartile; Min—the lowest value; Max—the highest value (* p < 0.05).

We did not observe any relevant correlations between the markers themselves or
between markers and left ventricle ejection fraction, NT-proBNP, DLCO, or characteristics
of systemic sclerosis (i.e., disease activity index, modified Rodnan Skin score, disease
subtype, antibody profile).

4. Discussion

Intestinal barrier integrity has recently been the focus of extensive studies about the
interactions between the gastrointestinal tract and general homeostasis. The findings of
our research are consistent with the previous studies and confirm that disruption of the
intestinal barrier is a feature of the early stage of systemic sclerosis [14,15]. The assessment
of intestinal permeability in the mentioned studies was based on sugar permeability
tests and we observed similar results using serum protein markers. Furthermore, our
findings seem to prove the hypothesis proposed in these studies regarding the translocation
of pro-inflammatory antigens from the intestinal lumen induced by increased intestinal
permeability [14,15].

The obtained findings could reflect the natural course of systemic sclerosis. Depending
on the study, the highest disease activity and rate of progression occur between the 3rd
and 5th years of the disease, and after this stage, the disease often slows down or even
slightly reverses, as in the case of skin sclerosis [16,17]. Consistently, our study implies that
in the early period of SSc, the intestinal barrier is damaged, which results in increased gut
permeability and translocation of bacterial lipopolysaccharides. The observed results could
be the consequence of abnormalities in the ultrastructure of the small intestinal mucosa
found in progressive systemic sclerosis, mainly dilated intraepithelial spaces [18]. Since
claudin-3 is an element of tight junctions, widened spaces between enterocytes suggest a
disruption of these components, which could be the cause of an increased concentration of
claudin-3 and LPS in patients with SSc [10]. The lack of differences in IFABP concentration
between patients and controls may be due to the absence of pathology in enterocytes since
IFABP is a protein that exclusively presents in the cytoplasm of these cells [10,18].

Lipopolysaccharides are well-recognized pro-inflammatory factors, and an increased
serum LPS concentration in patients with early systemic sclerosis, which was observed
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in our study, may have a detrimental impact on the further course of the disease. Recent
publications have reported that TLR4, which is a receptor for LPS among others, can be
substantially involved in the pathogenesis of SSc [19]. Skin and lung biopsies from SSc
patients are characterized by an increased presence of TLR4 on fibroblasts compared to
nonsclerodermic subjects [20]. Moreover, in vitro studies revealed that LPS can stimulate
the expression of extracellular matrix genes, especially collagen, in skin fibroblasts and
markedly increase their capacity to initiate a profibrotic response when challenged with
TGEF-f1, a cytokine known as a major profibrotic trigger in SSc [20,21]. Furthermore, LPS
can induce the transdifferentiation of skin fibroblasts into myofibroblasts and promote
profibrotic gene expression, which is particularly important in the case of systemic sclerosis,
in which myofibroblasts are responsible for organ fibrosis [20,22,23]. LPS is known for its
ability to induce lung inflammation and fibrosis, and an LPS-treated mouse is a model for
acute lung injury [24]. However, LPS in this model is administered at supraphysiological
concentrations [24]. The data on the effects of prolonged exposition to lower doses on
lung physiology remain elusive. Despite this fact, LPS was found to exacerbate coexisting
interstitial lung disease in the mouse model [25]. Moreover, in patients with systemic
sclerosis and concomitant intestinal lung disease, compared to the control group, blood
monocytes were found to secrete significantly higher amounts of IL-6 after exposure
to LPS [26]. IL-6 levels are elevated in the sera of SSc patients and have been shown
to be strongly associated with the severity of skin thickening and disease progression in
interstitial lung disease [27,28]. In this context, an approach based on lowering the exposure
to LPS could be a potential therapeutic option in systemic sclerosis.

Observed lower in the subgroup with a longer disease duration than in the subgroup
with a shorter disease duration, the concentration of permeability markers may be an effect
of coexisting disturbances in intestinal absorption due to fibrosis. Impaired absorption
of saccharides, i.e., lactose and fructose, was found to be often present in patients with
systemic sclerosis [29,30]. Furthermore, the present malabsorption of the mentioned sac-
charides was associated with increased gastrointestinal symptoms [29,30]. Malabsorption
can be a result of multifactorial pathology of the affected intestinal wall, which includes
fibrosis of the arterial tunica intima in the submucosal arteries of the small bowel, damage
to the enteric nervous system, and marked fibrosis of the circular layer of the muscularis
propria [31,32]. Available diagnostic methods for the involvement of the gastrointestinal
tract are limited, complex, and expensive [31]. Since we observed a significantly lower
LPS concentration in the patients with esophageal involvement compared to patients with
normal esophageal motility, it could be hypothesized that the lower translocation of LPS in
those patients may be due to decreased intestinal absorption of LPS. Further studies are
needed to evaluate this relationship and its clinical significance.

As mentioned, substances from the intestinal lumen, such as LPS, can reach the circula-
tion and exert proinflammatory effects, which can potentially accelerate disease progression.
Many prognostic factors have been identified as a consequence of the complicated patho-
physiology of SSc, and the presence and interplay between them might reflect the course
of the disease [33]. It is possible that increased intestinal permeability is one of the causes
exacerbating the natural course of systemic sclerosis, and a further decrease in permeability
markers could be an effect of developing fibrosis of the gastrointestinal tract. However,
due to the limitations of our study, including the relatively small sample size, single-center
type, and cross-sectional character, the conclusions on the impact on disease progression
are limited. To exactly assess the pathogenetic effects of a disrupted gut barrier on the
course of SSc, prospective, multicenter studies are needed. The prospective assessment of
intestinal permeability and exposition to LPS at different stages of the disease seem to be
particularly valuable.

Understanding the mechanisms of how dysbiotic microbiota and a disrupted intestinal
barrier may influence the course of systemic sclerosis seems valuable in clinical practice.
Hypothetically, measurement of the intestinal barrier markers may help to stratify patients
into different prognostic categories, which could help optimize treatment in the early stages
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of the disease. An approach based on the modification of the gut microbiota could break
the vicious circle driven by inflammation induced by increased translocation of bacterial
elements. It could lead to mitigating the progression of the disease, especially in the early
stages of the disease when the complications are not developed. Available techniques
of modulation of microbiota include probiotics, prebiotics, and fecal microbiota trans-
plantation. These methods have been intensively studied in a number of dermatological
conditions and are known to improve the gut barrier [34-36]. An improvement of the
intestinal barrier by the mentioned interventions leads to a decrease in intestinal perme-
ability and can be an effect of elevated expression of proteins of tight junction complexes
in intestinal epithelial cells, stimulation of the proliferation of intestinal epithelial cells,
and an increased secretion of mucins, which protect enterocytes from stressors [34-36].
Such attempts were also made in systemic sclerosis and were associated mainly with the
improvement of gastrointestinal symptoms [37-41]. One study reported the immunomod-
ulatory effect of a probiotic mixture manifested as a significant decrease in the proportion
of Th17 cells compared with placebo [38]. It is worth noting that the administration of
probiotics as well as fecal microbiota transplantation exhibited an excellent safety profile,
and the only noticed adverse events were mild and transient, i.e., diarrhea, bloating, and
abdominal pain [37-41]. However, there is still little information available on the most
appropriate probiotic strain composition and donor matching for fecal microbiota trans-
plantation. Measurements of intestinal permeability markers in such trials could be a
marker of intervention outcome.

5. Conclusions

Our cross-sectional study revealed that the patients with systemic sclerosis are char-
acterized by increased LPS serum concentration compared to the control subjects. Fur-
thermore, biomarkers of intestinal barrier permeability, LPS and claudin-3, are elevated
in the patients with a shorter duration of the disease compared to the subgroup with a
longer duration of the disease. Additionally, in the subgroup with a shorter duration of
SSc, we observed increased LPS concentration in patients with concomitant interstitial
lung disease compared to the patients with the absence of this complication. Concomitant
esophageal dysmotility was associated with a decrease in LPS in the patients with SSc. The
study highlighted the importance of disease duration in gut barrier research. On account
of the potent proinflammatory and profibrotic properties of LPS, increased circulating LPS
may be an exacerbating factor in the early stage of the disease, whereas the subsequent
decrease of LPS may be due to the development of gastrointestinal disturbances. However,
to exactly determine the impact of LPS in systemic sclerosis, prospective studies are needed
to demonstrate the effect of prolonged exposition to LPS. The modulation of the gut barrier
may represent a new therapeutic approach for systemic sclerosis.
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7. Publikacje stanowigce prace doktorska

7.1. Stec, A.; Sikora, M.; Maciejewska, M.; Paralusz-Stec, K.; Michalska, M.; Sikorska, E.;
Rudnicka, L. Bacterial Metabolites: a Link between Gut Microbiota and Dermatological

Diseases. Int. J. Mol. Sci. 2023, 24, 3494. https://doi.org/10.3390/ijms24043494

Celem powyzszej pracy bylo podsumowanie dotychczasowych doniesiern publikacyjnych
natemat roli poszczegdélnych grup metabolitow mikrobioty jelitowej w wybranych
chorobach dermatologicznych ze szczegdlnym uwzglednieniem jednostek o podtozu
autoimmunizacyjnym. Omoéwiono réwniez dotychczasowa wiedze dotyczacg wptywu
mikrobioty jelitowej na mechanizmy immunologiczne majgce istotny wptyw w patogenezie
danych choréb. Dodatkowo podsumowano dostepne mozliwosci modyfikacji mikrobioty
jelitowej i ich wplyw na przebieg choréb dermatologicznych obserwowany

w badaniach klinicznych.

W ostatnich latach coraz wieksze znaczenie w patogenezie choréb dermatologicznych
przypisuje sie metabolitom bakteryjnym wytwarzanym przez mikrobiote jelitowa.
Wspbiczesne badania wykazaty, ze metabolity te wptywajg na stan skory, aich zaburzenia
mogqg prowadzi¢ do rozwoju chordb skéry, takich jak tuszczyca, tradzik, czy atopowe

zapalenie skory.

Jedng z kluczowych grup metabolitow mikrobioty jelitowej sg krétkotaricuchowe kwasy
ttuszczowe (SCFA), takie jak octan, propionian i maslan. SCFA sg wytwarzane przez bakterie
jelitowe w procesie fermentacji nieprzyswajalnych resztek pokarmowych. Dziatajg one
przeciwzapalnie i immunomodulujgco, gtéwnie poprzez zwiekszenie populacji i aktywnosci
limfocytow T regulatorowych oraz zmniejszenie ekspresji cytokin prozapalnych
w makrofagach ilimfocytach T. Ponadto krétkotancuchowe kwasy ttuszczowe wptywaja
na procesy proliferacyjne i réznicowanie keratynocytdow, a tym samym, wptywajg pozytywnie
na bariere skérng i w konsekwencji zmniejszajg przeznaskérkowa utrate wody
(ang. transepidermal water loss; TEWL). Wymienione wifasciwosci oraz obserwacje
na modelach zwierzecych wskazujg, ze zaburzenia w wytwarzaniu krétkotaricuchowych

kwasow ttuszczowych moga byé istotnym elementem patogenezy atopowego zapalenia
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skory, alergii, tuszczycy oraz chordb tkanki fgcznej takich jak toczen rumieniowaty uktadowy

i twardzina uktadowa.

Kolejng grupg metabolitdw omoéwionych w publikacji s3 pochodne tryptofanu. Powstajg one
w wyniku przeksztatcenia tryptofanu przez bakterie jelitowe gtéwnie na drodze szlaku
indolowego. Dziatanie tej grupy metabolitéw wigze sie z aktywacjg receptora weglowodoréw
aromatycznych (aryl hydrocarbon receptor; AhR), ktéory wystepuje na wielu komdrkach,
miedzy innymi fibroblastach, keratynocytach, komdrkach Langerhansa, melanocytach,
sebocytach, komodrkach tucznych ilimfocytach. Udowodniono, ze jeden z metabolitow,
kwas indolo-3-pirogronowy, zwieksza odpornos¢ keratynocytéw na promieniowanie UVB.
Ponadto zaburzenia w stezeniu niektorych metabolitéw tryptofanu obserwowano

w atopowym zapaleniu skéry i toczniu rumieniowatym oktadowym.

Ostatnig z omoéwionych grup metabolitéw sg monoaminy — N-tlenek trimetyloaminy (TMAO)
i trimetyloamina (TMA). Powstajg one miedzy innymi z dostarczanych z pozywieniem
choliny, L-karnityny i fosfatydylocholiny w wyniku przeksztatcenia przez mikrobiote jelitowa.
Dostepne publikacje sugerujg, ze gatunki bakterii jelitowych zwigzane z dysbiozg maja
wiekszy potencjat do tworzenia wymienionych metabolitdw w poréwnaniu do eubiotycznej
mikrobioty. Ponadto u pacjentéw ztuszczycg zaobserwowano istotnie wyisze stezenie
TMAO we krwi wporéwnaniu do grupy kontrolnej. Podobne wyniki obserwowano
w tuszczycowym zapaleniu stawdéw, gdzie dodatkowo zaobserwowano istotng dodatnia
korelacje miedzy stezeniem TMAO a nasileniem choroby, mierzone zaréwno przez wskazniki
aktywnosci skérnej, jak i stawowej. W pracy opisano rowniez potencjalny negatywny wptyw
N-tlenku trimetyloaminyny na hidradenitis suppurativa, toczern rumieniowaty uktadowy oraz

twardzine uktadowa.

W dalszej czesci pracy podsumowano dostepne metody modyfikacji mikrobioty i wyniki préb
klinicznych zastosowania ich w terapii choréb skéry. W sktad opisanych metod wchodzi
podaz probiotykdow, prebiotykéw, postbiotykdw oraz zastosowanie przeszczepu mikrobioty
jelitowej. Metody te cechuje duze bezpieczeistwo, aobserwowane skutki uboczne
sg tagodne i przemijajgce. Dostepne publikacje wskazujg, ze podejscie oparte na modyfikacji
mikrobioty jelitowej moze przynies¢ najwiecej korzysci w atopowym zapaleniu skory

i w chorobach alergicznych. Badania na temat zastosowania wymienionych terapii
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w chorobach autoimmunizacyjnych, cho¢ mniej liczne, rowniez wskazujg na pozytywny efekt

w jednostkach takich jak tuszczyca i toczen rumieniowaty uktadowy.

W konkluzji zwrécono uwage, ze metabolity mikrobioty jelitowej mogg mie¢ istotny wptyw
na procesy patogenetyczne w chorobach dermatologicznych. Metabolity indolu
i krotkotaicuchowe kwasy ttuszczowe wydajg sie dziata¢ poprzez ich wfasciwosci
immunomodulacyjne i przeciwzapalne. Pochodne amin, zwtaszcza TMAO, mogg przyspieszac
postep chordb skory i przyczyniac¢ sie do rozwoju powiktan ze wzgledu na ich prozapalne
dziatanie. Modyfikacje mikrobioty, moggce zmienia¢ stezenia metabolitow wytwarzanych
przez mikrobiote, sg obiecujgcg opcjg terapeutyczng dla chordb dermatologicznych oraz

wykazujg bardzo dobry profil bezpieczenstwa.
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7.2. Stec A, Maciejewska M, Paralusz-Stec K, Michalska M, Giebuttowicz J, Rudnicka L, Sikora
M.: The Gut Microbial Metabolite Trimethylamine N-Oxide is Linked to Specific
Complications of Systemic Sclerosis. Journal of Inflammation Research 2023;16:1895-

1904. https://doi.org/10.2147/JIR.S409489

Celem badania byto okreslenie stezenia bakteryjnego metabolitu TMAO w osoczu pacjentéw
z twardzing uktadowa w poréwnaniu do grupy kontrolnej oraz ocene potencjalnej korelacji
pomiedzy stezeniem TMAO w osoczu aréznymi czynnikami klinicznymi, takimi jak wiek,

podtyp choroby, wspdétwystepujgce zajecie ptuc, przewodu pokarmowego, serca.

Do badania wigczono 63 pacjentéw ztwardzing uktadowg oraz 47 ochotnikéw
dopasowanych pod wzgledem wieku, ptci iwskaznika BMI. Stezenie TMAO w osoczu
pacjentow zbadano zuzyciem techniki chromatografii cieczowej sprzezonej ze
spektrometrem mas (HPLC-MS). Otrzymane wyniki zostaty opracowane przy pomocy
programu Statistica 13.3. Dopasowanie rozktadu danych do rozkfadu normalnego zostato
ocenione za pomocy testu Shapiro-Wilka. Poréwnanie zmiennych jakosciowych
przeprowadzono wykorzystujgc test chi-kwadrat (z poprawka Yatesa dla grup n < 10).
Test t-Studenta zostat wykorzystany do oceny zmiennych ciggtych o rozktadzie normalnym,
natomiast test U Manna-Whitney’a do oceny zmiennych ciggtych o rozktadzie réznym
od rozktadu normalnego. Wspdtczynnik korelacji rang Spearmana zostat wyliczony,
aby okresli¢  korelacje miedzy zmiennymi. Poziom istotnosci statystycznej przyjeto

dla p < 0,05.

W badaniu stwierdzono, ze pacjenci z twardzing uktadowg majg istotnie statystycznie wyzsze
stezenie TMAO w osoczu w poréwnaniu do osdb w grupie kontrolnej (283,0 ng/ml
(IQR 188,5-367,5) vs. 205,5 ng/ml (IQR 101,0-318,0); p < 0,01). Dodatkowo wykazano, ze
pacjenci z twardzing ze wspotwystepujgcg Srodmigzszowg chorobg ptuc (interstitial lung
disease, ILD) charakteryzujg sie wyzszym stezeniem TMAO w osoczu w porédwnaniu do
pacjentéw bez ILD (302,0 ng/ml (IQR 212,0-385,5) vs. 204,0 ng/ml (IQR 135,5-292,0);
p < 0,01), natomiast marker restrykcji spowodowanej przez ILD, zdolnos¢ dyfuzyjna ptuc dla
tlenku wegla (diffusing capacity for carbon monoxide, DLCO), wykazywat istotng ujemna

korelacje ze stezeniem TMAO (rho = -0,53; p = 0,013). Stezenie TMAO byto réwniez wyisze

73



W grupie pacjentow ze wspotwystepujgcymi zaburzeniami motoryki przetyku (289,75 ng/ml
(IQR 213,75-387,5) vs. 209,5 ng/ml (IQR 141,5-315,0); p = 0,026). Ponadto zaobserwowano
istotng ujemng korelacje pomiedzy stezeniem TMAO w osoczu a frakcjg wyrzutowy lewej
komory serca (left ventricle ejection fraction; LVEF): rho = -0,39; p = 0,009 oraz istotng
dodatnig korelacje pomiedzy stezeniem TMAQO a stezeniem N-koncowego fragmentu
propeptydu natriuretycznego typu B (NT-proBNP): rho = 0,41; p = 0,0009. Poziom TMAO
u pacjentéw wykazywat tez silng dodatnig korelacje z wynikiem w skali Scleroderma Clinical

Trials Consortium Damage Index (SCTC-DI): rho = 0,78; p < 0,001.

Na podstawie powyzszych wynikdbw mozna wnioskowaé, ze TMAO moze stanowic
wartosciowy marker uszkodzenia narzgdowego w twardzinie uktadowej. Obserwowane
zwiekszenie stezenia TMAO w zajeciu ptuc, przetyku i dodatnia korelacja stezenia metabolitu
z markerami zajecia serca $wiadczg o potencjalnej roli mikrobioty jelitowej i jej metabolitow
w wystgpieniu swoistych objawéw narzgdowych choroby. Potwierdzenie zwigzku
przyczynowego zwiekszonej ekspozycji na TMAO z wystgpieniem objawdéw narzgdowych
w przysztych badaniach prospektywnych mogtby prowadzi¢ do wykorzystania TMAO jako
markera ogdlnego postepu choroby, co datoby mozliwos$é lepszej stratyfikacji pacjentéw

i w konsekwencji optymalizacji terapii.
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7.3. Stec, A.; Maciejewska, M.; Zaremba, M.; Paralusz-Stec, K.; Michalska, M.; Rudnicka, L.;
Sikora, M. The Clinical Significance of Serum Biomarkers of the Intestinal Barrier in
Systemic Sclerosis: a Cross-Sectional Study. J. Pers. Med. 2023, 13, 678.
https://doi.org/10.3390/jpm13040678

Badanie miato na celu ocene potencjalnych rdéznic w przepuszczalnosci jelit miedzy
pacjentami ztwardzing ukfadowg igrupg kontrolng oraz zbadanie korelacji miedzy
przepuszczalnoscig jelit a objawami narzagdowymi twardziny uktadowej. W pracy oceniono
stezenie wybranych markeréw przepuszczalnosci jelitowej, jelitowego biatka wigzacego
kwasy ttuszczowe (I-FABP), klaudyny-3 i lipopolisacharydéw bakteryjnych (LPS), w surowicy
50 pacjentéw z twardzing uktadowag i 30 ochotnikéw dopasowanych pod wzgledem wieku,

ptci i wskaznika BMI.

Stezenia wybranych markeréw w surowicy uczestnikdbw oceniono metodg testu
immunoenzymatycznego (I-FABP: R&D Systems, Inc., Minneapolis, USA; LPS: CUSABIO,
Wuhan, China; CLDN3: Wuhan Fine Biotech Co., Wuhan, China). Wyniki zostaty opracowane
przy uzyciu oprogramowania Statistica 13.3. Zgodnos$¢ rozktadu danych zrozktadem
normalnym oceniono za pomocg testu Shapiro—Wilka. Poréwnywanie zmiennych
jakosciowych przeprowadzono za pomocg testu chi-kwadrat (z poprawka Yatesa dla matych
grup [n < 10]). Do oceny zmiennych cigglych o rozktadzie normalnym wybrano
test t-Studenta, natomiast do oceny zmiennych ciggtych o rozktadzie réznym od rozktadu
normalnego wykorzystano test U Manna-Whitneya. W celu okreslenia korelacji pomiedzy
zmiennymi obliczono wspétczynnik korelacji rang Spearmana. Poziom istotnosci

statystycznej przyjeto dla p < 0,05.

Analiza wykazata, ze pacjenci z twardzing uktadowag mieli istotnie wyzisze stezenie LPS
W surowicy w poréwnaniu zgrupg kontrolng (232,30 pg/mL (IQR 149,00-347,70)
vs. 161,00 pg/mL (IQR 83,92-252,20); p < 0,05). Ponadto pacjenci z krotszym czasem trwania
twardziny uktadowej (<6 lat) mieli zwiekszone stezenie LPS (280,75 pg/mL (IQR 167,30-
403,40) vs. 186,00 pg/mL (IQR 98,12-275,90); p < 0,05) i klaudyny-3 (16,99 ng/ml
(IQR 12,41-39,59) vs. 13,54 ng/ml (IQR 10,29-15,47); p < 0,05) w poréwnaniu z podgrupg
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z dtuzszym czasem trwania choroby (powyzej 6 lat). W podgrupie pacjentow z krotszym
czasem trwania choroby obserwowano istotnie wyzsze stezenie LPS w surowicy pacjentéw
chorujacych na $rédmigzszowg chorobe ptuc w pordwnaniu do pacjentéw bez zajecia ptuc
(385,55 pg/mL (IQR 266,90-506,50) vs. 217,75 pg/mL (IQR 157,25-280,75); p < 0,05).
Dodatkowo pacjenci z zaburzeniami motoryki przetyku charakteryzowali sie nizszym
poziomem LPS w poréwnaniu z pacjentami z prawidtowym wynikiem badania kontrastowego

przetyku (188,05 pg/ml (IQR 102,31-264,40) vs. 283,95 pg/ml (IQR 203,20-356,30); p <0,05).

Wyniki pracy wskazujg, ze bariera jelitowa w twardzinie uktadowej moze by¢ uszkodzona,
szczegblnie w poczatkowym okresie choroby. Przenikajace do krwi substancje w tym LPS
moga by¢ zwigzane z wystgpieniem objawdéw choroby takich jak srédmigzszowa choroba
ptuc. Badanie wskazato réwniez, ze stan bariery jelitowej moze sie zmienia¢ w trakcie
trwania choroby, co moze by¢ uzyteczng informacjg przy projektowaniu przysztych badan

nad barierg jelitowa.
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8. Whnioski

1.

3.

Stezenie  metabolitu  mikrobioty  jelitowej —  N-tlenku trimetyloaminy
(ang. trimethylamine N-oxide; TMAQO) w surowicy jest istotnie wyzsze u pacjentéw
z twardzing uktadowag w poréwnaniu do grupy kontrolnej. Wystepowanie niektérych
objawdéw choroby, m. in. srédmigzszowej choroby ptuc oraz zaburzehd motoryki

przetyku, wigze sie ze szczegdlnie podwyzszonym stezeniem TMAO.

Metabolity mikrobioty jelitowej mogg by¢ facznikiem miedzy dysbiozg jelitowa
i zajeciem narzgddw w przebiegu twardziny uktadowej. Modulacja metabolitéw
pochodzacych z bakterii jelitowych moze stanowi¢ nowe podejscie terapeutyczne

w leczeniu twardziny uktadowej.

Stezenie markera przepuszczalnosci jelitowej - lipopolisacharydow
(ang. lipopolysaccharides; LPS) w surowicy jest istotnie wyzsze u pacjentéw
z twardzing uktadowa w pordwnaniu do grupy kontrolnej; podgrupa pacjentéw
o krétszym czasie trwania choroby (czas mniejszy lub rowny 6 lat) charakteryzuje sie
istotnie statystycznie wiekszym stezeniem markeréw przepuszczalnosci jelitowej,
LPS i klaudyny-3, w poréwnaniu do podgrupy o dfuzszym czasie trwania choroby
(powyzej 6 lat), co sugeruje wystepowanie zwiekszonej przepuszczalnosci jelit

na wczesnym etapie choroby.

Nizsze stezenie markeréw przepuszczalnosci jelitowej (LPS i Klaudyny-3) u pacjentow
z dtuzszym okresem trwania choroby (powyzej 6 lat) w pordwnaniu do chorych
o krotszym przebiegu choroby (czas mniejszy lub réwny 6 lat) moze by¢é
spowodowane wspotwystepujgcymi zaburzeniami wchtaniania wynikajgcymi z zajecia

przewodu pokarmowego.
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