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2. Zestawienie publikacji doktorantki

) L _ Punktacja
Rodzaj publikaciji Liczba Impact Factor )
MNiSW
Prace wlaczone do
o 3 13,024 310
rozprawy doktorskiej
Prace, ktore nie
zostaly wtaczone do 14 48,05 828
rozprawy doktorskiej
Streszczenia
) 14 — -
zjazdowe
Razem 31 61,074 1138




AAAs
AAs
ACN
Ala
ANOVA
BAs
BCAA
BCFAs
BMI
BSTFA
CARBs
Cre

CRY?2

CYP7Al
EDTA
EtOH
FAMEs
FAs

FC

FG

FGF

Fruc
fT2DM _T1

FXR
Gal

GC-MS

GIPR

GIn

3. Wykaz stosowanych skréotow

aminokwasy aromatyczne (z ang. aromatic amino acids)

aminokwasy (z ang. amino acids)

acetonitryl

alanina

analiza wariancji (z ang. analysis of variance)

kwasy zoétciowe (z ang. bile acids)

aminokwasy rozgalezione (z ang. branched chain amino acids)
rozgat¢zione kwasy thuszczowe (z ang. branched chain fatty acids)
wskaznik masy ciata (z ang. body mass index)

N,O-bis (trimetylosililo) trifluoroacetamid

weglowodany (z ang. carbohydrates)

kreatynina

kryptochromowy regulator dobowy 2 (z ang. cryptochrome circadian
regulator 2)

7a- hydroksylaza cholesterolu

kwas wersenowy (z ang. ethylenediaminetetraacetic acid)

etanol

estry metylowe kwasow thuszczowych (z ang. fatty acid methyl esters)
kwasy tluszczowe (z ang. fatty acids)

krotnos$¢ zmiany (z ang. fold change)

stezenie glukozy na czczo (z ang. fasting glucose)

czynnika wzrostu fibroblastow (z ang. fibroblast growth factor)

fruktoza

grupa pacjentow w stanie przedcukrzycowym, u ktorych po pigciu latach
obserwacji rozwingta si¢ cukrzyca typu 2

receptor jadrowy (z ang. farnesoid X receptor)

galaktoza
chromatografia =~ gazowa  sprzezona  ze  spektrometria ~ mas
(z ang. gas chromatography coupled with mass spectrometry)

zalezny od  glukozy polipeptydowy receptor insulinotropowy
(z ang. glucose-dependent insulinotropic polypeptide receptor)

glutamina



GLP-1
Glu
Gly
GM

Gpbarl

GWAS

HbAlc
HCA
HDL
His

HOMA-B

HOMA-IR
HR
ICA

IFG
IGT
Ile
IPA
IS

iSoProp
LC-MS

LDL
Leu
LPS
LR
Lys

glukagonopodobny peptyd

kwas glutaminowy

glicyna

mikroflora jelitowa (z ang. gut microbiota)

receptor blonowy kwaséw zdtciowych (z ang. G—protein—coupled bile
acid receptor)

badanie asocjacyjne catego genomu (z ang. genome wide association
study)

hemoglobina glikowana

hierarchiczna analiza klastrow (z ang. hierarchical cluster analysis)
lipoproteiny o wysokiej gestosci (z ang. high—density lipoprotein)
histydyna

wskaznik funkcji komorek S trzustki (z ang. Homeostasis Model
Assessment of f—cell function)

wskaznik Insulinoopornosci (z ang. Homeostatic Model Assessment —
Insulin Resistance)

grupa wysokiego ryzyka (z ang. high risk)
analiza skladowych niezaleznych (z ang. independent component
analysis)

nieprawidlowa glikemia na czczo (z ang. impaired fasting glucose)
nieprawidtowa tolerancja glukozy (z ang. impaired glucose tolerance)
izoleucyna

kwas indolo—3—propioniowy

wzorzec wewngtrzny (z ang. internal standard)

izopropanol

chromatografia cieczowa sprzgzona ze spektrometrig mas (z ang. liquid
chromatography coupled with mass spectrometry)

liporoteiny o niskiej gestosci (z ang. low—density lipoprotein)

leucyna

lipopolisacharyd

grupa niskiego ryzyka (z ang. low risk)

lizyna
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MANOVA

MDMs

MeOH
MeOx
Met
MSTFA

NF—«B

NW
OA
OGTT

OPLS-DA

OrgAs
Orn
PA
PCA

PERK

PreDiab_T1

PreDiab_T2

Pro
PROX1
PTD
PYY
QCs

RI

analiza wielowymiarowa wariancji (z ang. multivariate analysis
of variance)

metabolity zwigzane z florg jelitowa (z ang. microbiota dependent
metabolites)

metanol

metoksymacja

metionina

N,O-metyl (trimetylsilyl) trifluoroacetamid

kompleks biatkowy dzialajacy jako czynnik transkrypcyjny
(z ang. nuclear factor kappa-light—chain—enhancer of activated f cells)
positek normoweglowodanowy

kwas oleinowy (z ang. oleic acid)

doustny test obcigzenia glukozg (z ang. oral glucose tolerance test)
analiza dyskryminacyjna zmiennych ortogonalnych najmniejszych
kwadratow (z ang. Orthogonal Partial Least Squares Discriminant
Analysis)

kwasy organiczne (z ang. organic acids)

ornityna

kwas palmitynowy (z ang. palmitic acid)

analiza sktadowych gtéwnych (z ang. principal component analysis)
biatko retikulum endoplazmatycznego (z ang. protein kinase RNA-like ER
kinase)

grupa pacjentéw w stanie przedcukrzycowym, u ktorych po pigciu latach
nie rozwinela sie cukrzyca typu 2

grupa pacjentow w stanie przedcukrzycowym, u ktorych po pigciu latach
utrzymat si¢ ten stan

prolina

biatko homeoboksowe prospero 1 (z ang. prospero homeobox 1)

Polskie Towarzystwo Diabetologiczne

peptyd YY

probki kontrolne (z ang. quality control)

wskaznik retencji (z ang. retention index)
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ROC

RSD
RT

SA
SCFAs

SNP

SVM
T2DM
T2DM_T2

TCF7L2
TGR5
Thr

Tl
TMA
TMAO
TMCS
TMS
TRL4
Trp

Tyr

Val
VIP
WW
o—HBA
5-HT

analiza oceny jakosci klasyfikatora (z ang. receiver operating
characteristic)

wzgledne odchylenie standardowe (z ang. relative standard deviation)
temperatura pokojowa (z ang. room temperature)

kwas stearynowy (z ang. stearic acid)

krotkotancuchowe kwasy thuszczowe (z ang. short chain fatty acids)
polimorfizm pojedynczego nuklotydu (z ang. single nucleotide

polymorphism)
maszyna wektorow nosnych (z ang. suport vector machine)

cukrzyca typu 2 (z ang. type 2 diabetes mellitus)

grupa pacjentow, u ktorych po pigciu latach rozwingla sig
cukrzyca typu 2

czynnik transkrypcyjny 7-like 2 (z ang. transcription factor 7 like 2)
receptor blony komadrkowe;j

treonina

intensywno$¢ catkowita (z ang. total intensity)

trimetylamina

N-tlenek trimetylaminy

trimetylochlorosilan

grupa trimetylosililowa

receptor toll-podobny 4 (z ang. toll-like receptor 4)

tryptofan

tyrozyna

walina

znaczenie zmiennej w projekcji (z ang. variable importance in projection)
positek wysokoweglowodanowy

kwas alfa—hydroksymastowy (z ang. alpha—hydroxybutyrate)
5-hydroksytryptamina
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4. Wstep

4.1. Cukrzyca typu 2

Cukrzyce typu 2 (z ang. type 2 diabetes mellitus, T2DM) uwaza si¢ za jedng
z mnajgrozniejszych chorob cywilizacyjnych XXI wicku. T2DM jest zaburzeniem
metabolicznym charakteryzujacym si¢ wystepowaniem nieprawidtowo wysokiego
poziomu glukozy we krwil. U os6b z T2DM dochodzi do zaburzenia rownowagi miedzy
iloscig insuliny wydzielanej przez komorki £ wysp trzustkowych, a zapotrzebowaniem
na ten hormon wynikajacym z indywidualnie zréznicowanej insulinowrazliwosci?.
Liczba os6b z T2DM w wieku od 20 do 79 lat wzrosta w ciggu ostatnich 10 lat 0 62%
(z 285 miliondw do 463 milionéw)®. Szacuje sie, ze liczba osob chorych na T2DM
na catym $wiecie do 2035 roku przekroczy 592 miliony?, natomiast do 2045 roku moze

wynie$é nawet 700 milionow?.

T2DM moze przez wiele lat przebiega¢ bezobjawowo, a obecnie jedynie pigcdziesiat
procent oséb cierpigcych na T2DM jest zdiagnozowanych?. Jest to szczegdlnie grozne
z uwagi na to, ze zbyt pozno wykryta lub zle kontrolowana T2DM prowadzi
do wystapienia wielu powiktan mikro— i makronaczyniowych, ktore moga wigzac si¢
z uszkodzeniem licznych narzgdow wewnetrznych, a niekiedy prowadzi¢ nawet
do $mierci®>. W obliczu stale narastajacej liczby pacjentdow z T2DM, zasadne
jest poszukiwanie nowych rozwigzan umozliwiajacych lepsze poznanie mechanizmow
prowadzacych do powstania zaburzen metabolicznych zwigzanych z rozwojem
tej choroby®. W znacznym stopniu mogtoby sie to przyczyni¢ do opracowania strategii

pozwalajacych na jak najwczesniejsza diagnostyke zaburzen metabolicznych i T2DM.

Pomimo znacznego postepu medycyny oraz zwigkszonego dostepu do technik
diagnostycznych, wczesne wykrycie T2DM jest nadal utrudnione, co uniemozliwia
jej skuteczne kontrolowanie oraz wdrozenie odpowiedniego leczenia’. Dlatego
podejmuje si¢ wielokierunkowe dziatania majace na celu poszukiwanie nowych
rozwigzan, ktore moglyby usprawni¢ wczesng diagnostyke T2DM. W ostatnim czasie
duzo uwagi po$wigca si¢ badaniom metabolomicznym, ktore wykorzystuje si¢ miedzy
innymi do oceny wptywu réznych czynnikoéw odpowiedzialnych za rozwoj tej choroby.
Naleza do nich gtéwnie czynniki $rodowiskowe, ale takze predyspozycje genetyczne®.
Te ostatnie sg jednymi z istotnych niemodyfikowalnych czynnikow ryzyka rozwoju

T2DM. Wsrdéd czynnikow srodowiskowych (modyfikowalnych) wyr6zni¢ mozna
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siedzacy tryb zycia i dietg, a takze zwigzany z nimi styl zycia oraz otyto§¢. Dodatkowo
czynniki ryzyka rozwoju T2DM moga stanowi¢ kombinacj¢ niezrownowazonej diety,
siedzgcego trybu zycia oraz czynnikow genetycznych, ktore to rowniez mogg wzajemnie

° Wedtug ostatnich doniesien literaturowych znaczaca role

ze sobg oddzialywac
w etiologii T2DM odgrywa réwniez mikroflora jelitowa (z ang. gut microbiota, GM)™°,
ktorej sktad moze by¢ zaburzony przez wyzej wymienione czynniki Srodowiskowe

czy tez genetyczne.

4.2. Stan przedcukrzycowy

Stan przedcukrzycowy moze charakteryzowac si¢ nieprawidtowa glikemia na czczo
(z ang. impaired fasting glucose, IFG) i/lub zaburzong tolerancja glukozy
(z ang. impaired glucose tolerance, IGT). Wedlug wytycznych PTD (Polskiego
Towarzystwa Diabetologicznego), IFG diagnozuje si¢ na podstawie stgzenia glukozy
na czczo >100 mg/dl (5.6 mmol/l), ale <126 mg/dl (7.0 mmol/l), a IGT jako stezenie
glukozy w 120 minucie po doustnym obcigzeniu 75 g glukozy w doustnym tescie
obcigzenia glukoza (OGTT, z ang. oral glucose tolerance) >140 mg/dl (7.8 mmol/l),
ale <200 mg/dl (11.1 mmol/I)!t. Pomimo, iz zaréwno nieprawidtowa glikemia na czczo,
jak i nietolerancja glukozy wynikaja z insulinooporno$ci, réznig si¢ lokalizacja tego
zjawiska. U pacjentdéw z izolowang IFG przewaza insulinooporno$¢ watrobowa,
z zachowang prawidlowg insulinowrazliwo$cig miegsni szkieletowych. Z kolei pacjenci
z 1zolowang IGT maja prawidtowa lub nieznacznie zmniejszong wrazliwos¢ hepatocytow
na insuling oraz umiarkowang lub ci¢zka insulinooporno$¢ migsni szkieletowych.
U pacjentéow z jednoczesng IFG 1 IGT stwierdza si¢ insulinooporno$¢ zaréwno migsni
szkieletowych, jak i watroby. Z czasem zaburzenie czynno$ci komoérek £ trzustki

postepuje, prowadzac do rozwoju T2DM?*2.

Szacuje sig, ze u 5—10% os6b z IFG i/lub IGT w ciagu roku rozwinie sie T2DM?*3,
Wystepowanie stanu przedcukrzycowego niesie ze soba ryzyko rozwoju T2DM,
a jednoczes$nie jest sygnatem do podjecia dziatan profilaktycznych, ktore moga pozwoli¢
na zahamowanie rozwoju choroby. Poprzez zmiang trybu zycia (np. poprawe nawykow
zywieniowych, aktywno$¢ fizyczna) czy tez suplementacje probiotykami mozna opdznic
proces rozwoju T2DM, a nawet cofngé¢ stan przedcukrzycowy'®. Okreslone
mikroorganizmy probiotyczne poprzez poprawg wrazliwoscCi na insuling i pozytywny

wptyw na poziom glukozy we krwi moga zapobiec lub op6zni¢ rozwéj T2DM?™®,
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4.3. Wplyw czynnikow genetycznych oraz diety na rozwaéj cukrzycy typu 2

Badania nad genetycznymi predyspozycjami do rozwoju T2DM maja nie tylko duze
znaczenie naukowe, ale takze w coraz wigkszym stopniu prognostyczne, profilaktyczne
i terapeutyczne?®. Znanych jest kilkanascie genow, m.in. GIPR (z ang. Gastric Inhibitory
Polypeptide Receptor), TCF7L2 (z ang. Transcription Factor 7 Like 2), CRY2
(z ang. Cryptochrome Circadian Regulator 2) czy biatko homeoboksowe prospero 1
(z ang. Prospero homeobox 1, PROX1), ktorych prawidtowe funkcjonowanie powigzane
jest z regulacjg poziomu glukozy i insuliny, akumulacjg tkanki thuszczowej, zaburzeniami
metabolizmu lipidow oraz insulinooporno$cig, a zatem réwniez ze sklonnosciag
do zapadania na T2DMY’. Powigzanie tych genéw z wystepowaniem T2DM jest dobrze
udokumentowane, jednak nie zostaly w pelni poznane mechanizmy zwigzane
z funkcjonowaniem tych genow, ktore sa odpowiedzialne za powstanie wczesnych

zaburzen prowadzacych do rozwoju T2DM?,

Polimorfizm pojedynczego nukleotydu w genie PROX1 jest silnym genetycznym
czynnikiem podatnoséci na uposledzenie funkcji komorek £ i rozwdj T2DM. Badanie
Genome Wide Association Studies (GWAS) pozwolito na identyfikacje ponad 100 loci
polimorfizmu pojedynczego nukleotydu (z ang. single nucleotide polimorphism, SNP)
zaangazowanych w wystepowanie T2DMY. Juz w 2005 roku Harvey i wsp.® badali
model zwierzgey, gdzie heterozygotyczne doroste myszy obarczone polimorfizmem
w genie PROX1 staty si¢ otyle i miaty wyzsze poziomy insuliny w surowicy oraz byty
podatne na akumulacje lipidéw w watrobie. W innym badaniu potwierdzono, Zze osoby
posiadajgce ten wariant miaty uposledzong tolerancje glukozy i zwiekszong ilo$¢ thuszczu
trzewnego w porownaniu do 0so6b bez tego polimorfizmu. Mimo licznych badan
nad zalezno$cig pomiedzy polimorfizmem w genie PROX1 a T2DM jego rola nie zostata
do tej pory w pelni wyjasniona, co moze swiadczy¢ o bardziej ztozonym wptywie genu
PROX1 na procesy towarzyszace rozwojowi T2DM?. Tym samym wydato sic

uzasadnione przeprowadzenie kolejnych badan probujacych te zalezno$ci wyjasnic.

Gwaltowny wzrost czestosci wystgpowania T2DM w ciggu ostatnich kilku dekad nie
moze by¢ zwigzany tylko z predyspozycjami genetycznymi. Potwierdzono,
ze nieodpowiednia dieta moze by¢ czynnikiem przyspieszajacym okreslone zaburzenia
metaboliczne u osob podatnych na T2DM, réwniez z przyczyn genetycznych’. Jak dotad
niewiele byto badan potwierdzajacych znaczenie interakcji gen—dieta w rozwoju

T2DM3%122 Analizy tych interakcji nie tylko w kontekscie poszczegdlnych sktadnikow
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zywieniowych, ale takze diety rozpatrywanej pod katem makroelementow, moze pomoc
zaprojektowac oraz wdrozy¢ zindywidualizowane zalecenia dietetyczne dla oséb z grupy
ryzyka. W jednym z badan?? oceniono, przy pomocy chromatografii cieczowej sprzezonej
ze spektrometrig mas (z ang. liquid chromatography with mass spectrometry, LC-MS)
wplyw polimorfizmu w genie PROX1 na zmiany w poziomie metabolitow w osoczu
zdrowych mezczyzn po positku wysokowegglowodanowym (WW)
I normoweglowodanowym (NW). Badania te wykazaty zmieniony popositkowy profil
metabolitow u nosicieli genotypu ryzyka ze szczegdlnym uwzglednieniem metabolitow
zwigzanych ze stanem zapalnym, stresem oksydacyjnym, metabolizmem lipidow
I kwasow thuszczowych (z ang. fatty acids, FAs). W pracy pt: ,,A preliminary study
showing the impact of genetic and dietary factors on GC-MS-based plasma metabolome
of patients with and without PROX1-genetic predisposition to T2DM up to 5 years prior
to prediabetes appearance” wchodzacej w sktad cyklu publikacji tworzacych niniejsza
rozprawe zbadano zmiany w profilu metabolitow osocza po positku NW i WW na tej
samej grupie pacjentdw, ale przy uzyciu chromatografii gazowej sprzezonej
ze spektrometrig mas (z ang. gas chromatography with mass spectrometry, GC-MS),
ktora pozwala na pomiar metabolitow nalezacych do innych klas niz wykorzystana
w poprzedniej publikacji, technika LC-MS. Otrzymane wyniki pozwolity
na identyfikacj¢ szlakow, ktore zmieniaja si¢ w zalezno$ci od iloSci spozytych
weglowodandéw  (positek NW lub WW), prowadzac do okreslonych odpowiedzi
metabolicznych, zwigzanych z ryzykiem przyspieszonego rozwoju T2DM. Dodatkowo,
mozliwe bylo przeprowadzenie kompleksowej analizy szlakow w oparciu o wyniki
otrzymane przy uzyciu obu platform analitycznych. Badania te dostarczyty nowych
informacji odnos$nie interakcji gen—dieta, ktore moga by¢ przyczyna rozwoju T2DM.
Jest to szczegoOlnie wazne, gdyz w badaniu wzieli udziat zdrowi nosiciele alleli ryzyka

w genie PROX1.

4.4. Zaburzenia zwigzane z mikrobiomem jelitowym a rozwéj cukrzycy typu 2

Mikrobiom jelitowy, ktorego sktad zalezny jest m.in. od czynnikow genetycznych
i $rodowiskowych, ma ogromny wptyw na rozwo6j T2DM. Badania przeprowadzone
na wolnych od drobnoustrojow myszach karmionych dieta wysokothuszczowsa
i standardowa dieta wykazaly, ze profile metaboliczne osocza zaleza glownie
od réznorodnosci i sktadu drobnoustrojéw, niezaleznie od rodzaju diety?®. Dieta uboga

w blonnik skutkuje zmniejszong réznorodnoscig mikrobiomu, a bogata w blonnik
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zwigksza roznorodnos¢ gatunkéw bytujacych w jelicie 1 ilo§¢ produkowanych
przez bakterie krotkotancuchowych kwasow ttuszczowych (z ang. short chain fatty acids,
SCFAS) niezbednych dla wiasciwego funkcjonowania jelit. Uwaza si¢, ze niska
zawarto$¢ btonnika, wysoka zawartos¢ biatka i thuszczy w pokarmie, a takze niezdrowa,
wysoko przetworzona zywno$¢ moga wywotac¢ dysbioze. Dieta wysokottuszczowa moze
zwickszyé odsetek gatunkow bakterii gram-ujemnych w mikroflorze jelitowej?.
Liposacharydy (LPS), gtéwny sktadnik zewnetrznej btony komorkowej bakterii gram-—
ujemnych, moze wystepowa¢ w wysokich stezeniach i by¢ wchilaniany przez jelita®.
Ponadto, LPS stymuluje nicaktywny uktad odpornosciowy, wiazgc si¢ z receptorem toll—
podobnym (z ang. toll-like receptor, TLR), aktywujac komorki odpornosciowe w celu
uwolnienia cytokin zapalnych, co sprzyja insulinoopornosci spowodowanej odpowiedzig
zapalng wywotang przez endotoksyny?. Innym potencjalnym mechanizmem zwigzanym
z homeostazg ekosystemu jelitowego jest uktad endokannabinoidowy. LPS oddziatuje
z receptorami endokannabinoidowymi, modulujac przepuszczalnos$¢ jelit i translokacje

LPS, zwiekszajac poziom krazacego LPS i indukujac metaboliczng endotoksemig?’.

GM jest duzg populacjg mikroorganizméw zyjacych w przewodzie pokarmowym
cztowieka®. Wéréd nich wyrdznia sie okoto 1000 gatunkéw z ponad 400 réznych

610 nalezacych gtéwnie do pieciu typow (Rycina 1): Firmicutes, ktore stanowia

rodzajow
60-80% (z ktorych najwazniejsze to Ruminiococcus, Clostridium i Lactobacillus);
Bacteroidetes stanowigce 20-30% (obejmujace glownie Bacteroides, Prevotella
I Xylanibacter) oraz Actinobacteria, ktore stanowig okoto 10% (z przewaga rodzaju
Bifidobacterium), natomiast Proteobacteria (takie jak Escherichia i Enterobacteriaceae)

s jeszcze rzadziej spotykane?®?°,
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Actinobacteria Escherichia
10% \ i Enterobacteriaceae
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\_Firmicutes
60%

Ruminiococcus,
Clostridium
Lactobacillus

Rycina 1. Glowne gatunki bakterii wchodzace w sktad mikrobiomu jelitowego

cztowieka.

W zwiagzku z tym, iz mikroorganizmy te moga bezposrednio wplywa¢ na stan
zdrowia, w ostatnim czasie cieszg si¢ One coraz wigkszym zainteresowaniem

%0, Przeprowadzono wiele badaf, na podstawie ktorych potwierdzono,

naukowcow
ze zaburzenia sktadu i funkcji GM sg obserwowane w patogenezie takich choréb
metabolicznych, jak otytos¢!®%33 czy T2DM3134-36 (Rycina 2). U osob chorych
na T2DM potwierdzono zmieniony sktad GM w poroéwnaniu ze sktadem GM os6b
zdrowych. W pracy przegladowej pt.: ,,The role of gut microbiota (GM) and GM—related
metabolites in diabetes and obesity. A review of analytical methods used to measure GM-—
related metabolites in fecal samples with a focus on metabolites' derivatization step”,
wchodzacej w sktad cyklu publikacji tworzacych niniejsza rozprawe, przedstawiono
aktualny stan wiedzy na ten temat. Informacje zebrane na podstawie przegladu
literaturowego potwierdzity, ze GM moga korzystnie lub negatywnie wpltywaé

na wystepowanie chorob metabolicznych?®,
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Jprodukcja M potencjat do
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== \‘ \ /
aktywacja aktywacja
TRL4 szlaku NF-kB p02|om BCAAs
v \
uposledzenie funkcji stan zapalny o niskim insulinoopornoéé
komérek 6 stopniu zto$liwosci
ROZWQ) T2DM

Rycina 2. Wptyw zaburzen sktadu GM na rozwo6j T2DM (BCAAs — aminokwasy
rozgalezione, LPS — liposacharydy; TRL4 — receptor toll-podobny 4; NF-«B — kompleks
biatkowy dzialajgcy jako czynnik transkrypcyjny).

Na podstawie danych literaturowych przedstawiajacych spojne wyniki badan
na modelach zwierzgcych oraz u ludzi, mozna stwierdzi¢, ze rodziny Bifidobacterium,
Bacteroides, Faecalibacterium, Akkermansia i Roseburia sa negatywnie skorelowane,
podczas gdy rodziny Ruminococcus, Fusobacterium i Blautia sa pozytywnie zwigzane
z rozwojem T2DM. W badaniach przeprowadzonych na ludziach przez Larsen i wspot.?
oraz Karlsson i wspot.3” potwierdzono, ze u pacjentéw ze zdiagnozowang T2DM
zaobserwowano zmniejszenie liczebno$ci drobnoustrojow wytwarzajacych kwas
mastowy, takich jak: Roseburia, Faecalibacterium i Eubacterium oraz zwigkszenie
liczebnosci Clostridium i Lactobacillus. Sedighi i wspot.® zaobserwowali, ze bakterie
z rodzaju Lactobacillus, Bifidobacterium, Fusobacterium wystepowaty liczniej u oséb
zdrowych w poréwnaniu z pacjentami z T2DM, ale nie zaobserwowali istotnej r6znicy
w liczbie bakterii z rodzaju Prevotella migdzy osobami chorymi na T2DM, a zdrowymi.
Szczegdtowe informacje dotyczace przegladu literaturowego zwarte sa w publikacji®

bedacej czgécig rozprawy.
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4.4.1. Wplyw mikrobiomu na produkcje oraz transformacje¢ metabolitow

Jak wspomniano powyzej, zaburzenia sktadu mikrobiomu jelitowego moga by¢
zwiazane z rozwojem choréb metabolicznych®. Dodatkowo nalezy podkresli¢, ze GM
jest odpowiedzialna za produkcje lub transformacje endogennych matych czgsteczek
(z ang. microbiota dependent metabolites, MDMSs), ktore regulujg interakcje migdzy
gospodarzem, a mikroflorg jelitowa (Rycina 3). Lista takich metabolitow obejmuje
glownie SCFAs?, rozgatezione kwasy thuszczowe (z ang. branched chain fatty acids,
BCFAs)*, aminokwasy aromatyczne (z ang. aromatic amino acids, AAAs)*,
aminokwasy rozgalezione (z ang. branched chain amino acids, BCAAs)*, kwasy
zokciowe (z ang. bile acids, BAs)* oraz inne*. Produkcja SCFAs moze mie¢ wptyw
na prawidtowe funkcjonowanie uktadu pokarmowego, ale takze poprawe homeostazy
glukozy. Synteza BCAAs moze mie¢ wpltyw na wystapienie insulinoopornosci, a BAs

moga mie¢ wpltyw na metabolizm wielu zwigzkoéw?® (Rycina 3).

prawidlowa funkcja, ruchliwos¢
iintegralnos¢ przewodu pokarmowego

rodukcja SCFA:
produtcia g | —— poprawa homeostazy glukozy

octan
propromian [~~—— zwickszenie sytosci
maslan N
K wsparcie ukladu odpornosciowego gospodarza
synteza BCAAs ' wystapienie insulinoopornosci

leucyna |~

izoleucyna
walina

. metabolizm weglowodanow

metabolizm lipidow

regulacja wydajnosci energetycznej

A\

metabolizm BAs
. wphyw na sthuszczenie watroby i rozwoj otylosci

277 VNSNS

produkcja i uwalnianie glukonopodobnych peptydow

przygotowanie odpowiedniego Srodowiska do kolonizac
Zajmowanie niszy |-~ przez inne bakterie jelitowe
gospodarza

[~ — zapobieganie chorobom zakainym

udzial w prawidlowym funkcjonowaniu ukladu aﬂparnuécim\'egLi

synteza i metabolizm witaminy K oraz B l

(7r

metabolizm lekéw i toksyn I

Rycina 3. Udziat mikrobiomu jelitowego w utrzymaniu homeostazy gospodarza.
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4.4.1.1. Krétkolancuchowe kwasy tluszezowe pochodzenia mikrobiologicznego

SCFAs to klasa najlepiej przebadanych metabolitow zwiagzanych z GM°. Metabolity
te powstajag w okreznicy jako koncowe produkty fermentacji ztozonych weglowodanow
(z ang. carbohydrates, CARBS) oraz skrobi czy tez btonnika*’. Definiuje si¢ je jako FAs
0 mniej niz sze$ciu atomach wegla, w tym kwas mrowkowy, kwas octowy, kwas
propionowy, kwas mastowy i kwas walerianowy. Metabolity te wspomagaja procesy
regeneracji, uszczelniajg Sciang jelit, utrzymuja prawidtowe pH. Wykazuja réwniez silne
dziatanie przeciwzapalne, hamujac aktywno$¢ mediatoréw stanu zapalnego®®. Kwas
octowy po wchlonigciu do krwiobiegu dociera do tkanek obwodowych, gdzie jest
wykorzystywany przez komorki do syntezy FAs i cholesterolu®®. Metabolit ten
jest wytwarzany przez wigkszo$¢ bakterii jelitowych, takich jak Lactobacillus,
Bifidobacterium, Akkermansia muciniphila, Bacteroides, Prevotella, Ruminococcus
i Streptococcus®®. Kwas propionowy jest wytwarzany przez bakterie jelitowe takie
jak Akkermansia, Bacteroidetes, Bifidobacterium, Prevotella i Ruminococcus poprzez
szlak bursztynianowy, akrylanowy i propanodiolowy. Wchtaniany przez krazenie wrotne,
bierze udziat w lipogenezie i glukoneogenezie, petnigc wazng funkcje w utrzymaniu
rownowagi energetycznej organizmu®. Kwas mastowy stanowi zrodlo energii
dla kolonocytow, zwicksza termogeneze oraz utlenianie FAs, dziala rowniez
przeciwzapalnie. W wielu badaniach wykazano, Ze zwigkszenie st¢zenia Kkwasu
mastowego poprawia wrazliwo$é na insuling®’. Wytwarzany jest on przez takie gatunki
bakterii jak: Roseburia, Eubacterium rectale, Clostridium leptum, Eubacterium hallii,
Coprococcus eutactus, Faecalibacterium prausnitzii, Eubacterium rectale, Anaerostipes
caccae i Coprococcus catus®® poprzez szlaki transferazy butyrylo—koenzymu A,

fosfotransbutyrylazy czy kinazy maslanowe;j®.

W literaturze mozna znalez¢ wiele doniesien opisujacych zwigzek miedzy poziomem
SCFAs, a rozwojem T2DM. Zostaty one przedstawione w artykule przegladowym
bedacym czescig rozprawy'®. Przeprowadzone badania podkreslajg korzystny wplyw
SCFA na uwalnianie glukagonopodobnego peptydu 1 (GLP-1) i peptydu YY (PYY)
z komorek endokrynnych, a tym samym na regulacj¢ stezenia glukozy oraz na poprawe
wrazliwosci na insuling. Dodatkowo w watrobie SCFAs moga hamowac lipogenezg,
produkcje glukozy i akumulacje lipidow. W trzustce metabolity te pobudzaja komorki g
do wydzielania insuliny. SCFAs aktywuja rowniez glukoneogeneze jelitowg

oraz poprawiaja wrazliwo$é migéni na insuling i funkcje mitochondriow (Rycina 4)*.
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Na podstawie dokonanego przegladu literaturowego mozna pozwoli¢ sobie rowniez
na stwierdzenie, ze opublikowane dotychczas wyniki sa niespojne. Sato i wspot.>*
odnotowali ujemny zwigzek miedzy poziomem SCFAs a T2DM; gdyz w ich badaniu
catkowite stezenie SCFAS w kale u pacjentow z T2DM bylo istotnie nizsze niz w grupie
kontrolnej. Natomiast Adachi i wspét.> nie znalezli istotnych statystycznie réznic
w catkowitym stezeniu SCFAS w kale migdzy grupa kontrolng, a pacjentami z T2DM.
Niemniej jednak, biorgc pod uwage poszczegdlne SCFAs, pacjenci z T2DM
(W poréwnaniu z grupg kontrolng) mieli nizszy poziom kwasu propionowego,
walerianowego i mastowego oraz wyzszy poziom bursztynianu W probkach Kkatu.
Schwiertz i wspot.>® zaobserwowali, ze calkowite stezenie SCFAS w probkach kalu
otylych ochotnikow bylo o ponad 20% wyzsze niz u szczuptych ochotnikoéw. Najwigkszy

wzrost zaobserwowano dla kwasu propionowego, a nastgpnie dla mastowego.

« Mikrobiom jelitowy
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Vv ¥ B - funkcje komérki P
N9 Akumulacja lipidéw L Wydzielanie insuliny
2, e () \ Lipogeneza @ agi. £
Y Y YN Produkcja glukozy Trzustka
NS Uwalniane leptyny 1 ——m
Akumulacja lipidow y ; v
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Rycina 4. Pochodzenie SCFAs i ich wpltyw na rozw6j T2DM (zmodyfikowano na

podstawie Du i wspot.#6).

W wyniku fermentacji blonnika pokarmowego przez bakterie jelitowe uwalniane
sqg SCFAs. SCFAs mogg promowac uwalnianie peptydu YY (PYY) i glukagonopodobnego
petydu (GLP—-1) z enteroendokrynnych komorek L oraz uwalnianie leptyny (hormonu
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sytosci) z tkanki ttuszczowej. Ponadto wzrostowi poziomu SCFAs, towarzyszy wzrost
wydatku energetycznego w tkance tuszczowej Oraz zmniejszenie gromadzenia sig
lipidow. W wqtrobie SCFAs mogq hamowac lipogeneze, produkcje glukozy i akumulacje
lipidow. W trzustce SCFAS pobudzajg komorki f i promujg wydzielanie insuliny.
Poza tym znane sq doniesienia wskazujgce, iz SCFAS aktywujg glukoneogeneze jelitowq

oraz poprawiajg wrazliwos¢ miesni na insuling oraz funkcje mitochondriow.
4.4.1.2. Aminokwasy pochodzenia mikrobiologicznego

Niektore z aminokwasow (z ang. amino acids, AAs) uwalnianych przez bakterie
jelitowe moga stuzy¢ rowniez jako prekursory do syntezy SCFAs, przyczyniajac si¢ tym
samym do rozwoju choréb metabolicznych®’. FAs 0 rozgatezionych tancuchach,
takie jak izomaslan, 2—metylomaslan i izo—walerianian, mogg roéwniez pochodzié¢
z fermentacji BCAAs®®. Glicyna (Gly), treonina (Thr), kwas glutaminowy (Glu)
I ornityna (Orn) moga by¢ metabolizowane przez bakterie beztlenowe do kwasu
octowego. Lizyna (Lys), Glu i Thr sg substratami do produkcji kwasu mastowego.
Ponadto, Thr moze by¢ wykorzystana do syntezy kwasu propionowego®®. Alanina (Ala),
leucyna (Leu), isoleucyna (lle), walina (Val) i histydyna (His) sa wykorzystywane jako
donory wodoru w reakcjach metabolicznych. Natomiast Gly, prolina (Pro), Orn i arginina

maja tendencje do dziatania jako akceptory®’,

Liczba bakterii fermentujagcych AAs w jelicie grubym jest bardzo duza, moze siggac
nawet 10! na gram suchej masy katowej®!. Clostridium bifermentans jest dominujaca
bakteriag wykorzystujaca Lys lub Pro®2. Bakterie Peptostreptococcus maja duzy udziat
w rozktadzie Glu lub tryptofanu (Trp)®3. Trp jest metabolizowany przez bakterie jelitowe
do indolu, kwasu indolo—3—propionowego (IPA), tryptaminy i 5-hydroksytryptaminy
(Rycina 5). Tryptamina hamuje hiperglikemi¢ wywotang glukoza i wspomaga
wydzielanie insuliny. 5-hydroksytryptamina moze promowa¢ wydzielanie insuliny
I hamowac¢ przyrost masy ciata, hiperglikemig i insulinooporno$¢. Tyrozyna (Tyr) moze
ulec rozkladowi do tyraminy pod dziataniem dekarboksylazy tyrozynowej
drobnoustrojow jelitowych. Tyramina moze rowniez stymulowa¢ wychwyt glukozy
i poprawia¢ tolerancje glukozy. Ponadto, propionian imidazolu moze uposledzac

tolerancje glukozy i sygnalizacje insulinowa*®.

Bakterie nalezace do Clostridium dominujg w procesie fermentacji AAs w jelicie

grubym cztowieka. Jednak inne gatunki bakterii, takie jak Fusobacterium, Bacteroides,
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Veillonella, Megasphaera elsdenii i Selenomonas ruminantium, moga by¢ rowniez
istotne dla metabolizmu AAs w tej czesci ludzkiego przewodu pokarmowego®. Wedhug
dostepnych danych potwierdzono, ze GM moze roéwniez syntetyzowaé de novo
w przewodzie pokarmowym niektore AAs 1. Argining moga wytwarza¢ Bacteroides
thetaiotaomicron i Fusobacterium varium, Trp moga wytwarza¢ Streptococcus,
Escherichia coli i Enterococcus natomiast Tyr Bacillus i Serratia®. Te przyktady
potwierdzajg ogromne znaczenie drobnoustrojow jelitowych w metabolizmie AAS,

niezaleznie od zywienia i fizjologii gospodarza.

Liczne badania na ludziach wykazaly, ze stgzenia BCAAS i AAAS w probkach
biologicznych (osoczu, kale i moczu) sg zwiagzane z opornoscig na insuling. Na podstawie
pomiaru iloéci tych metabolitow mozna oceni¢ ryzyko rozwoju T2DM®8, Utlenianie
BCAAs moze zwigksza¢ utlenianie FAS, a takze odgrywacé role w rozwoju otytosci. Chen
i wspot.5” potwierdzili, ze poziom BCAA (Val, Leu i lle), AAAs (fenyloalaniny (Phe),
Trp i Tyr), glukoneogennych AAs (Ala, Glu i glutaminy (GIn)) oraz innych AAs (Orn
i Lys) w surowicy powiazany jest z ryzykiem rozwoju T2DM. Wysokie stezenia Val,
Leu, lle, Phe, Tyr, Ala, Glu, Orn i Lys wigza si¢ ze zwigkszonym ryzykiem, natomiast
wysokie stezenie GIn ze zmniejszonym ryzykiem zachorowania na T2DM. Leu, Phe, Gin
I Glu moga indukowa¢ wydzielanie insuliny przez komorki f trzustki i powodowaé
rozwoj T2DM poprzez hiperinsulinemig, prowadzac do wyczerpania komoérek £ trzustki.
Niektére mechanizmy, takie jak stymulacja uwalniania glukagonu z komorek trzustki
i zwigkszenie transaminacji pirogronianu do Ala, silnego promotora glukoneogenezy,
mogg wyjasnia¢ potencjalnie niekorzystng role Glu w ryzyku rozwoju T2DM®°,
W wielu badaniach, rowniez kohortowych, opisano zwigzek pomigdzy poziomem
BCAAs w o0soczu, a wystapieniem T2DM® 707 Podsumowujac, metabolizm
aminokwasow 1 glukozy sg ze sobg Scisle powigzane. AAS stanowig gtowny rezerwuar
do glukoneogenezy i wptywaja na wydzielanie insuliny oraz glukagonu. Oba procesy
ulegaja zmianie na wczesnym etapie patogenezy T2DM, co sprawia, ze niektore AAS

moga by¢ dobrymi predyktorami choréb metabolicznych.
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Rycina 5. Wptyw AAs na rozwo6j T2DM (zmodyfikowano na podstawie Du i wsp.*¢).

Pochodzgcy z pozywienia tryptofan jest metabolizowany przez bakterie jelitowe
do indolu, kwasu indolo—3—propionowego (IPA), tryptaminy i 5-hydroksytryptaminy
(5-HT). Indol moze stymulowac jelitowe komorki L do wydzielania GLP-1, promujgc
w ten sposob wydzielanie insuliny i hamowanie wydzielania glukagonu. IPA obniza
poziom glukozy we krwi na czczo i poprawia opornos¢ na insuling. Tryptamina hamuje
hiperglikemie wywolang glukozq i wspomaga uwalnianie insuliny. 5—-HT mozZe promowa¢d
wydzielanie insuliny i hamowac przyrost masy ciata, hiperglikemie i insulinoopornosc.
Metabolit ten wywoluje opornos¢ na insuling i zwigksza poziom glukozy we krwi.
Arginina z pozywienia moze by¢ zamieniona przez GM na agmatyne. Agmatyna
wspomaga uwalnianie insuliny i poprawia wychwyt glukozy przez komorki
oraz wrazliwos¢ na insuline. W wyniku dziatania dekarboksylazy tyrozynowej
drobnoustrojow jelitowych Tyr moze ulec rozktadowi do tyraminy. Tyramina moze

stymulowacé wychwyt glukozy i poprawia¢ tolerancje glukozy.

4.4.1.3. Kwasy zo6lciowe pochodzenia mikrobiologicznego

Kolejnym dowodem na udzial flory =zasiedlajacej przewod pokarmowy
w patogenezie insulinoopornosci i T2DM jest wptyw GM na metabolizm BAs i tworzenie
wtornych BAs (Rycina 6). Te z kolei, poprzez aktywacje miedzy innymi receptora
jadrowego (z ang. farnesoid X receptor, FXR) i blonowego (z ang. G—protein—coupled
bile acid receptor, Gpbarl —TGRS5), biorg udzial w metabolizmie glukozy, lipidow
oraz w regulacji wrazliwosci na insuling. Zaobserwowano, ze pacjenci z T2DM maja
obnizone stezenie wtornych BAs’?. Uwaza si¢ rowniez, ze duza zawarto$¢ thuszczy

w diecie skutkuje zwickszeniem liczebnosci bakterii gram-ujemnych we florze
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bakteryjnej przewodu pokarmowego. LPS, ktory jest integralnym sktadnikiem
zewnetrznej blony komorkowej bakterii gram-ujemnych, indukuje stan zapalny.
Przewlekta endotoksemia przyczynia si¢ do wzrostu stezenia glukozy, triglicerydow
oraz insulinooporno$ci. Badania wykazaly, ze u pacjentow z T2DM obserwuje

sie podwyzszone stezenie bakteryjnego LPS’3,

Bakterie takie jak Bacteroides, Eubacterium, Bifidobacterium, Ruminococcus,
Peptostreptococcus, Propionibacterium, Clostridium, Lactobacillus, Escherichia,
Streptococcus i rodzaj Methanobrevibacter, zwlaszcza niektore Clostridia, w tym
C. scindens, C. hiranonis, C. hylemonae (Clostridium klaster XVla ) i C. sordelli
(Clostridium Kklaster XI) sa zdolne do wytwarzania wtornych BAs’®. W jednym z badaf
potwierdzono dodatnig korelacj¢ pomiedzy poziomem BAs, a typami bakterii
Clostridium, Parasutterella secunda, Turicibacter sp. i ujemng korelacj¢ z Acidovorax
wohlfahrtii, Allobaculum stercoricanis, Anaerotruncus sp., Bacteroides uniformis,
Blautia glucerasea, Butyricimonas virosa, Clostridium papyrossolvens, Enterococcus
gallinarum, Microbacterium maritypicum, Lachnospiraceae bacterium i Lactococcus

plantarum®®,
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Rycina 6. Zrédto BAs i ich wptyw na rozw6j T2DM (zmodyfikowano na podstawie

Du i wsp.*9).
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Kwasy zolciowe (BAS) sq syntetyzowane z cholesterolu w waqtrobie i wydzielane
do zotci oraz dwunastnicy. Sprzezone BAS sq przeksztalcane przez drobnoustroje jelitowe
do drugorzedowych BAS poprzez dekoniugacje, dehydroksylacje i epimeryzacje. BAS
dzialajg na dwa receptory (jgdrowy, z ang. farnesoid x factor FXR oraz receptor kwasu
zotciowego sprzezony z biatkiem TGRS), regulujgc homeostaze glukozy w organizmie.
Drzieki aktywacji TGRS przez BAs w komorkach L jelit i o trzustki komorki mogg
promowa¢ uwalnianie glukagonopodobnego peptydu (GLP-1), ktory promuje
wydzielanie insuliny z komorek p trzustki, obnizajgc w ten sposob poziom glukozy
we krwi. Ponadto aktywacja jelit przez BAs promuje uwalnianie czynnika wzrostu
fibroblastow (z ang. fibroblast growth factor, FGF15/19), ktory wigze sie z wgtrobowym
receptorem FGF4/BKlotho i hamuje ekspresje 7a- hydroksylazy cholesterolu (CYP7AL),
zmniejszajgc w ten sposob synteze BA w watrobie. FGF15/19 moze rowniez promowac
synteze glikogenu w wqtrobie i hamowac glukoneogeneze w wqtrobie. Z drugiej strony ,
hamowanie jelitowego FXR przez niektore BAS zmniejsza synteze ceramidow, a nastepnie
hamuje glukoneogeneze w watrobie. Poza tym hamowanie FXR w komorkach L jelit moze

promowac wydzielanie GLP—1, poprawiajgc w ten sposob poziom glukozy we krwi.

Takie sktadniki Zzywno$ciowe jak cholina, karnityna lub betaina moga by¢
metabolizowane przez mikroflorg jelitowa w celu wytworzenia trimetylaminy — TMA,
ktora jest nastepnie przeksztalcana w watrobie do N-tlenku trimetylaminy (TMAO).
TMAO aktywuje kinaze biatkowa retikulum endoplazmatycznego (z ang. protein kinase
RNA-like ER kinase, PERK) w celu promowania dysfunkcji metabolicznych
i hiperglikemii. TMAO moze promowa¢ oporno$¢ na insuling i zwigksza¢ poziom
glukozy we krwi na czczo (z ang. fasting glucose, FG). W watrobie TMAO promuje
glukoneogeneze 1 zmniejsza watrobowy transport glukozy 1 stezenie glikogenu

(Rycina 6).
4.4.2. Suplementacja probiotykow, a rozwdj cukrzycy typu 2

Przywrécenie prawidtowego sktadu mikrobiomu jelitowego przez probiotyki byto
wielokrotnie stosowane w leczeniu T2DM i jej powiktan'®. Mechanizmy dziatania
przeciwcukrzycowego probiotykow obejmuja poprawe funkcji bariery jelitowe;,
zmniejszenie stanu zapalnego, modyfikacje¢ GM, obnizenie poziomu cholesterolu
i regulacje sygnalizacji insulinowej™’*". Dysbioza ma znaczacy wplyw na funkcje
bariery jelitowej, w szczegdlnosci powoduje utrate jej integralnosci, co moze prowadzic¢

do stymulacji translokacji do krwiobiegu mediatorow stanu zapalnego, takich LPS,
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co z kolei wyzwala reakcje zapalne i insulinoopornos¢. W kilku badaniach opisano
aktywno$¢ przeciwutleniajaca réznych gatunkow bakterii kwasu mlekowego, w tym
Lactobacillus rhamnosus, Lactobacillus lactics i Lactobacillus plantarum™.
Na podstawie przegladu literaturowego potwierdzone zostato rowniez, ze wiele objawow
zwigzanych z T2DM 1 insulinooporno$cia mozna zlagodzi¢ poprzez uzupehianie
probiotykéw takich jak: Lactobacillus rhamnosus, Lactobacillus acidophilus
czy Bifidobacterium oraz bakterii wytwarzajagcych kwas mastowy, Clostridium
butyricum, Roseburia, Faecalibacterium i Eubacterium®®. Wykazano, ze podawanie
Lactobacillus reuteri obniza poziom glikemii i stezenie hemoglobiny glikowane;j
(HbA1c) oraz zapobiega zwloknieniu nerek’®. Sugerowano rowniez, ze Bifidobacterium
adolescentis poprawia wrazliwo$¢ na insuling’’ poprzez zwiekszong produkcje GLP—1.
GLP-1 zwigksza tolerancj¢ glukozy poprzez ztozone mechanizmy obejmujace modulacje
wydzielania insuliny, masy komorek trzustki i przyjmowania pokarmu’®. Wykazano
réwniez, ze osoby nawet ze zdiagnozowang T2DM, po spozywaniu przez sze$¢ tygodni
jogurtu zawierajacego Lactobacillus acidophilus i Bifidobacterium lactis wykazywaty
obnizong glikemi¢ na czczo 1 obnizony poziom HbAlc, a takze wyzsza aktywno$¢
dysmutazy ponadtlenkowej i peroksydazy glutationowej w poréwnaniu z grupg

kontrolng"®.

4.4.3. Wystepowanie metabolitow zwigzanych z flora jelitowa w prébkach
biologicznych

Produkty przemian metabolitéw nalezacych do wyzej opisanych grup moga by¢
waznymi modulatorami szlakow, odgrywajac role w rozwoju roéznych chordb
metabolicznych, w tym takze T2DM®. Z tego powodu doktadne oznaczenie MDMs
w probkach biologicznych moze mie¢ znaczenie w lepszym zrozumieniu wptywu GM
na organizm, a takze przyczyni¢ si¢ do ujawnienia nowych metabolitow, ktore moga
poprawi¢ diagnostyke T2DM. Ustalenie zalezno$ci migdzy GM a T2DM moze by¢
pomocne w opracowaniu zintegrowanych strategii w celu zapobiegania oraz leczenia
T2DM, w tym z wykorzystaniem probiotykéw!®. Dlatego tez w przegladzie
literaturowym bedacym czescig publikacji pt.: ,,The role of gut microbiota (GM)
and GM-related metabolites in diabetes and obesity. A review of analytical methods used
to measure GM-related metabolites in fecal samples with a focus on metabolites'
derivatization step”, wchodzacej w sktad cyklu publikacji, przedstawiono aktualny stan

wiedzy na temat sktadu GM i metabolitéw zwigzanych z GM w odniesieniu do postgpu
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1 rozwoju otylosci oraz T2DM. MDMs =zostaly wykryte w réznych probkach

biologicznych, takich jak kat, mocz, surowica czy tez 0s0cze*8l, Sposrod wszystkich

wymienionych probek, kat jest niezwykle cennym materiatem biologicznym, ktérego

analiza moze odzwierciedla¢ stan zdrowia nie tylko dolnego odcinka przewodu

pokarmowego, ale i catego organizmu®. W wielu badaniach po$wieconych sktadowi GM

oraz MDM wykorzystano wlasnie ten materiat do badan. Dlatego tez w pracy
10

przegladowej wchodzacej w sklad cyklu publikacji*® skupiono si¢ na sposobach
przygotowania probek katu do analiz przy pomocy GC—MS oraz LC-MS.

Na podstawie przegladu literaturowego ustalono, ze analiza MDMs w tak ztozonym
materiale jake kat jest duzym wyzwaniem pod wzgledem analitycznym
i biochemicznym®®. Kat jest do$¢ trudny do zbadania, poniewaz jest niejednorodny
pod wzgledem sktadu, bogaty w makroczasteczki i czastki niestrawionego pokarmu,
co moze komplikowaé¢ ich analize metodami instrumentalnymi®?. Opracowanie
procedury ekstrakcji pozwalajacej na uniknigcie efektu matrycowego moze by¢ bardzo
skomplikowane. Ponadto, sktad katu jest wysoce zalezny od czynnikéw dietetycznych,
a jednocze$nie stanowi pierwotng probke, w ktorej wyraza si¢ metabolizm organizmu
zywiciela i GM®. Dlatego tak wazne jest zastosowanie odpowiedniej metodyki
przygotowania probki i analizy metabolitow, ktora zrekompensuje duza zmienno$¢

probki8,

Osocze i surowica sg probkami biologicznymi, ktére mogg by¢ pozyskiwane
w sposob bardziej inwazyjny, ale analiza ich metabolomu moze roéwniez odzwierciedla¢
zmiany w catym organizmie®, w tym w sktadzie MDMs®8, Dodatkowo, analizy
przy uzyciu GC-MS obu materiatlow dostarczyly wielu cennych informacji odno$nie
zmian w poziomie zwigzkow drobnoczasteczkowych w  kontekScie rozwoju
T2DM8 788 Udowodniono réwniez, ze wiele gatunkéw GM majacych wplyw na rozwoj
T2DM wykazuje zwigzek z metabolitami znajdujagcymi sic we krwi®®. Badania
przeprowadzone przez Visconti i wspot.® potwierdzily, ze chociaz stezenie metabolitow
zwigzanych z GM w krwiobiegu jest znacznie nizsze niz w kale, to metabolity
te odgrywaja wazng rolg w modulowaniu metabolizmu ogdlnego gospodarza. Dlatego tez
na kolejnym etapie badan poswieconych GM oraz T2DM, skupili$my si¢ na przegladzie
literatury308689-9%  oraz informacjach dostepnych w HMDB odno$nie MDM
wykrywanych w probkach surowicy oraz osocza, a takze na szlakach metabolicznych,

ktore moga by¢ zaburzane przez GM. Efekty tej pracy przedstawiono w pierwszej czgséci
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pracy badawczej pt: ,,Optimization of a GC-MS method for the profiling of microbiota—
dependent metabolites in blood samples: an application to type 2 diabetes
and prediabetes” wchodzacej w sktad cyklu publikacji tworzacych niniejszg rozprawg.
Odpowiednim narz¢dziem do pomiaru probek 0socza oraz surowicy w kontekscie MDM
jest metabolomika, gtownie z wykorzystaniem takich technik analitycznych jak GC-MS
czy LC-MS.

4.5. Metabolomika

Metabolomika jest bardzo dynamicznie rozwijajaca si¢ dziedzing nauki. Obok
proteomiki, transkryptomiki i genomiki odgrywa istotng rol¢ w badaniach z zakresu
biologii systemow®. Celem badan metabolomicznych jest poznanie kompletnego sktadu
metabolitow (metabolomu), ktory zmienia si¢ w zalezno$ci od stanu fizjologicznego,
stopnia rozwoju choroby badz obecnos$ci zaburzen w funkcjonowaniu komorek, tkanek,
narzadu lub narzadéw czy tez catego organizmu®. Metabolom czlowieka to ztozona
kompozycja drobnoczasteczkowych zwigzkoéw, zazwyczaj o masie molekularnej
mieszczacej si¢ w granicach 80 — 1500 Da, nalezacych do réznych klas chemicznych.
Wsrod nich wyrdznia sie¢ m.in. CARBS, lipidy, AAs, peptydy, mineraly, aminy biogenne,
nukleotydy, kwasy organiczne (z ang. organic acids, OrgAs), witaminy czy hormony .

Obecnie metabolomika wykorzystywana jest powszechnie w badaniach
biomedycznych skupiajacych sie¢ na poszukiwaniu nowych predyktoréw roznych
chorob?’, badaniu efektow terapeutycznych lekéw lub substanciji naturalnych o potencijale
terapeutycznym?® badz tez ocenie szlakow metabolicznych zaburzonych przez konkretng
chorobe lub stan patologiczny®®. W badaniach majacych na celu analize zmian w szlakach
metabolicznych wywotanych przez rozwdj choroby, specyficzne probki biologiczne,
pobrane bezposrednio w miejscu wystepowania stanu patologicznego, moga dostarczy¢
bardziej szczegdtowych informacji na temat patogenezy choroby i jej progresji. Analiza
metabolomiczna probek biologicznych moze poglebi¢ nasza wiedze¢ na temat
mechanizméw molekularnych stojacych za rozwojem T2DM, a nawet wskazaé szlaki
metaboliczne, ktore moga by¢ obiecujacymi celami terapeutycznymi dla nowych lekow

czy probiotykow.

W zaleznosci od rodzaju przeprowadzanych badan wyrézniamy niecelowane analizy
metabolomiczne, profilowanie metabolitow i analizy celowane. Analizy niecelowane

ukierunkowane s3 na wykrycie mozliwie wszystkich zwiazkéw obecnych w danej
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probce. Ten rodzaj analiz, szczego6lnie cenny w przypadku badan dotyczacych stabo
poznanego obszaru, jest czesto nazywany ,metabolicznym odciskiem palca”
(z ang. metabolic fingerprinting), poniewaz ma na celu okreslenie profilu metabolitow
typowego dla danego stanu biologicznego. Dzigki informacjom uzyskanym w wyniku
wielkoskalowych badan metabolomicznych mozliwe jest zaobserwowanie i szczegdtowa
analiza zaleznosci wystepujacych w danym uktadzie biologicznym. Profilowanie
metabolitow skupia si¢ na analizie okreslonej grupy zwigzkoéw, nalezacych do danej klasy
lub szlaku metabolicznego. Analizy celowane skupiajg si¢ na oznaczeniu ilo$ciowym
wybranego zwigzku lub grupy zwiazkow, dzigki czemu preparatyka probki moze by¢
dostosowana do rodzaju metabolitow, co zmniejsza zakldcenia wynikajace z obecnosci

W matrycy innych czasteczek.

Wséréd réznych metod analitycznych stosowanych do pomiaru zwigzkéw

biologicznych popularno$é zyskata spektrometria mas®®

, gléwnie w potaczeniu
ze wspomnianymi wczeéniej technikami rozdziali, tj. GC-MS czy LC-MS’.
W poréwnaniu z technikg LC-MS, GC-MS ma znacznie lepsza rozdzielczo$¢
chromatograficzng. Jest to réwniez wysoce powtarzalna i czula technika analityczna,
zdolna do wykrywania szerokiej gamy MDMSs zwigzanych z rozwojem T2DM, takich
jak AAs, FAs, CARBs i sterole. Ponadto, powtarzalne wzorce fragmentacji molekularnej
GC-MS sprawiaja, ze jest to jedno z najbardziej niezawodnych narz¢dzi do badania
metabolitow!4. Oznaczenie wszystkich MDMs przy uzyciu LC-MS wymagatoby uzycia
kilku metod z wykorzystaniem roznych kolumn chromatograficznych'®. Biorac

pod uwage powyzsze argumenty w swoich badaniach wykorzystatam platform¢ GC-MS.

4.5.1. Przygotowanie prébek do analiz GC-MS

Ze wzgledu na bardzo duzg liczbe metabolitéw wystepujacych w materiale
biologicznym oraz ich réznorodnos$¢, niecelowana analiza metabolomiczna probek
biologicznych, rowniez technikga GC-MS, musi by¢ poprzedzona doborem odpowiedniej
strategii analitycznej'®. Nie istnieje jedna uniwersalna metoda pozwalajaca na analize
ilosciowa 1 jakosciowg wszystkich metabolitow zawartych w badanej probce
biologicznej®. Wynika to gtownie z faktu, ze metabolity obecne w materiale
biologicznym rdznig si¢ pod wzgledem zakresu stezen, mas czasteczkowych, stabilnosci,
lotno$ci oraz polarnoéci®™. Wykonanie analiz przy uzyciu GC-MS wymaga doboru
odpowiedniego rozpuszczalnika lub mieszaniny rozpuszczalnikdw na etapie strgcania

bialek oraz ekstrakcji metabolitéw, a takze przeprowadzenia dodatkowego etapu jakim
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jest konwersja chemiczna zwigzkow okreslana w dalszej czeSci rozprawy

jako derywatyzacjal®.

W niecelowanych badaniach metabolomicznych odpowiednio dopracowana metoda
przygotowania probki powinna prowadzi¢ do uzyskania ekstraktu zawierajacego
mozliwie jak najszersze spektrum metabolitow nalezacych do réznych klas.
Rozpuszczalniki najczedciej stosowane na etapie przygotowania probek to: acetonitryl
(ACN)"1%  metanol (MeOH)! lub mieszaniny rozpuszczalnikow takich jak:
ACN:isopropanol  (isoProp):H2O  (viviv; 3:3:2)%%: MeOH:H.O (viv; 9:1)1%°
MeOH:isoProp:H20 (v:v:v; 3:3:2)% lub MeOH: etanol (EtOH) (v:v; 1:1)¥%. W jednym
z badan® zostalo potwierdzone, ze zastosowanie na etapie ekstrakcji mieszaniny
rozpuszczalnikow o réznych wlasciwosciach tj. hydrofilowych, lipofilowych i1 §rednio
polarnych pozwala na uzyskanie ekstraktu zawierajacego metabolity nalezace do r6znych
klas chemicznych. Istnieje kilka badan poréwnujacych uzyteczno$é roznych
rozpuszczalnikow do ekstrakcji metabolitow, jednak roznorodnos¢ wyekstrahowanych
metabolitow, ktére powigzane sa z GM nie byla duza'®*1%7198_ Zgodnie z nasza najlepsza
wiedzg, brak jest artykulow metodologicznych porownujacych uzytecznosé tych
rozpuszczalnikow 1 ich mieszanin do przygotowania prébek surowicy lub osocza

do analizy GC-MS w kontekscie MDMSs.

Jak juz wspomniano, przygotowanie probek do analiz przy uzyciu GC—MS wymaga
przeprowadzenia dodatkowego etapu derywatyzacji. Nie kazdy odczynnik moze by¢
uzywany na tym etapie, musi on spetnia¢ szereg warunkéw. Przede wszystkim powinien
szybko 1 catkowicie reagowaé z analitem, tworzy¢ pochodng, ktéra bedzie stabilna
na etapie rozdzialu chromatograficznego. Idealna reakcja derywatyzacji powinna mie¢
nastepujgce cechy: (i) powinna by¢ wystarczajagco trwata, nawet w przypadku
réznorodnych i zlozonych matryc; (ii) odczynnik powinien selektywnie reagowac
z okresSlong grupa funkcyjna bez mozliwosci powstania produktow ubocznych;
(iii) odczynnik powinien by¢ tatwo syntetyzowany lub dostepny na rynku;
(iv) pozostatos¢ odczynnika do derywatyzacji nie moze zaktocac rozdziatu i wykrywania

pochodnych analitéw lub powinna by¢ fatwa do usunigcia po reakcji derywatyzacji*®.

Stosowanych jest kilka rodzajow derywatyzacji, takich jak sililacja, acylacja
czy estryfikacja, ktore zostaly szczegotowo opisane w pracy przegladowej wchodzacej

w sktad cyklu publikacji. W badaniach metabolomicznych standardowa procedura
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derywatyzacji jest sililacjal®!% Pochodne otrzymane w wyniku tego procesu
charakteryzuja si¢ wigksza lotno$cig, stabilno$cig oraz mniejszg polarnoscia niz
substancje  wyjsciowe™?.  Najczeéciej  przeprowadzana jest  dwustopniowa
derywatyzacja®, a pierwszy jej etap polega na reakcji metoksyaminy z grupami
karbonylowymi, wynikiem czego jest powstanie hydrazonéw lub oksymow, a takze
z grupami ulegajacymi enolizacji takimi jak aldehydy czy ketony. W ten sposob
stabilizowana zostaje miedzy innymi konformacja tancucha cukrow redukujacych
oraz zapewniana jest ochrona a—ketokwasow przed dekarboksylacja’®. W drugim etapie
stosowana jest sililacja, ktora prowadzi do zablokowania polarnych grup funkcyjnych
(np. aminowa, fosforanowa, hydroksylowa, karbonylows, karboksylows, sulfhydrylowa
oraz inne) poprzez ich podstawienie grupa trimetylosililowa (TMS) z zastosowaniem
odczynnika krzemoorganicznego (zwykle N,O-bis (trimetylsilyl) — trifluoroacetamid
(BSTFA) lub N,O-metyl(trimetylsilyl)— trifluoroacetamid, MSTFA)!!. Proces ten
odbywa si¢ w obecnos$ci katalizatora lub bez (zwykle 1% TMS, trimetylochlorosilan
(TMCS), trifluoroacetamid, kwas solny, octan potasu, piperydyna lub pirydyna)®.
Grupa TMS przyczynia si¢ do zwigkszenia stabilno$ci chemicznej i1 termicznej,
stabilizuje rodniki karbonylowe metabolitow 1 zatrzymuje przenoszenie tadunku,
jak rowniez zwigksza lotno$¢ analitu®. Niestety, wraz ze wzrostem liczby
derywatyzowanych grup, istnieje prawdopodobienstwo otrzymania pochodnej, ktorej
masa czasteczkowa wykroczy poza zakres dziatania detektora (zazwyczaj 650—1000

miz)H2,

Zgodnie z nasza najlepsza wiedzg, dotychczas nie przedstawiono kompleksowej
optymalizacji metody, obejmujacej wptyw popularnych rozpuszczalnikow i warunkow
derywatyzacji na profilowanie MDMs w probkach 0socza czy surowicy. Z tego powodu
przeprowadziliSmy réwnolegle poréwnanie réznych procedur przygotowania probek
zaréwno dla surowicy i1 osocza, sktadajacych si¢ z jednoczesnego wytracania biatek
na bazie rozpuszczalnika z ekstrakcjag metabolitow i1 dwuetapowa derywatyzacja,
koncentrujgc si¢ na wybranych MDMs. W oparciu o intensywno$¢ sygnatu i jego
wzgledne odchylenie standardowe (z ang. relative standard deviation, RSD)
Zoptymalizowano metod¢ przygotowania probki, aby uzyskac¢ najlepsza mozliwag metode
pomiaru wybranych MDMs przy uzyciu GC—MS. Wyniki badan zostaty przedstawione
w pracy pt. ,,Optimization of a GC—MS method for the profiling of microbiota—dependent
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metabolites in blood samples: an application to type 2 diabetes and prediabetes”,

wchodzacej w sktad cyklu publikacji tworzacych niniejsza rozprawe.

Optymalizacja zostata wykonana dla obu rodzajow probek pozyskiwanych z krwi
pelnej, surowicy i osocza, poniewaz badania metabolomiczne pokazuja, iz profile
metaboliczne obu rodzajéow probek réznig sig'!®. Pomimo tego, iz w zaleznosci
od rodzaju, klasy lub konkretnego metabolitu, jedna matryca moze by¢ lepsza od drugie;j
do pomiaru danego metabolitu, to w praktyce oba rodzaje materiatow biologicznych byty
wykorzystywane w badaniach metabolomicznych zwigzanych z T2DM przy uzyciu GC—
MS4, Ogélnie ujmujac, surowica jest preferowana ze wzgledu na nieco wyzsze stezenie
metabolitow w poréwnaniu do osoczal’®. Deproteinizacja surowicy eliminuje frakcje
objetosciowg bialek wptywajac na to, ze pozostalte sktadniki o matej masie czasteczkowe;j
znajdujg si¢ w mniejszej objetosci, dzigki czemu sg bardziej skoncentrowane. Z drugiej
strony, istnieja badania potwierdzajace, ze poziom niektorych metabolitow jest mniejszy
W surowicy W porOwnaniu z osoczem zawierajacym Kwas  wersenowy
(z ang. ethylenediaminetetraacetic acid, EDTA)M%7 Osocze jest czeiciej wybierane
ze wzgledu na powtarzalno$¢ samego procesu jego otrzymywania z krwi, co nie jest
dokladnie kontrolowane w przypadku surowicy'’. Ze wzgledu na wszystkie wyzej
wymienione czynniki, podj¢to wysitek wykonania kompleksowej optymalizacji metody
do oznaczania MDM w obu matrycach. Ostatecznie zoptymalizowang metodg
zastosowano do badan metabolomicznych majacych na celu pordéwnanie profilu
metabolitow w probkach pochodzacych od czterech grup pacjentow tj. dwoch grup
pacjentow ze stanem przedcukrzycowym, w ktorych w jednej grupie po 5 latach
obserwacji rozwingta si¢ T2DM, natomiast pacjenci w drugiej grupie pozostali w stanie
przedcukrzycowym. W pracy badawczej wchodzacej w sklad cyklu publikacji
pt. ,,Optimization of a GC-MS method for the profiling of microbiota—dependent
metabolites in blood samples: an application to type 2 diabetes and prediabetes” na prosbe
recenzentow przedstawiono wyniki tylko dla porownania profilu pacjentéw w stanie
przedcukrzycowym z osobami, u ktorych potwierdzono T2DM (probki pobrane po 5
latach obserwacji). Natomiast w rozprawie zostaly przedstawione wyniki dla wszystkich

czterech porownan.

4.6. Metody analizy danych metabolomicznych

Niezwykle istotnym etapem badan metabolomicznych jest analiza ogromnych ilosci

danych uzyskiwanych podczas pomiaréw z wykorzystaniem spektrometrii mas.
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Wraz z rozwojem metod analizy instrumentalnej, opracowywane sg coraz to wydajniejsze
narzg¢dzia przetwarzania i normalizacji danych, a takze ich analizy statystycznej. Powstaja
rowniez bazy widm masowych oraz zintegrowane platformy umozliwiajace korelacje
danych. Dane wygenerowane przy uzyciu techniki GC-MS wymagajg kompleksowej
analizy wstepnej zanim zostana poddane analizie statystycznej. Obecnie naukowcy
dysponuja programami pozwalajacymi na stosunkowo szybka i zautomatyzowang

wstepng integracje danych przy pomocy odpowiednich algorytmow.

Kolejnym etapem pracy z danymi metabolomicznymi jest ich analiza statystyczna,
pozwalajaca okresli¢ metabolity, ktorych poziomy rdznig si¢ pomigdzy pordwnywanymi
grupami w sposob istotny statystycznie. W przypadku analiz statystycznych pomiedzy
dwoma grupami wykorzystywane sg cze¢sto proste testy, jak test t-Studenta lub U-test
Manna-Whitney’a. W miar¢ wzrostu poziomu ztozonosci eksperymentu mozna postuzy¢
si¢ analiza wariancji (z ang. analysis of variance, ANOVA) lub jej wielowymiarowa
odmiang (z ang. multivariate analysis of variance, MANOVA)8. Roéwnolegle
do klasycznych metod statystycznych wykorzystywane sg metody wielowymiarowe,
ktére stuzg okresleniu korelacji pomigdzy poszczegdlnymi badanymi grupami
oraz umozliwiajg wizualizacje danych. Do najczeSciej wykorzystywanych metod tego
typu naleza, m.in. analiza gtownych sktadowych (z ang. principal component analysis,
PCA), analiza sktadowych niezaleznych (z ang. independent component analysis, ICA)

oraz hierarchiczna analiza klastrow (z ang. hierarchical cluster analysis, HCA).

Podczas analiz metabolomicznych uzyskuje si¢ widma masowe na podstawie ktorych
identyfikuje si¢ zmierzone metabolity. Do identyfikacji zwiazkow wykorzystuje si¢ bazy
widm masowych, zaro6wno ogoélnodostgpne: MassBank, The Golm Metabolome
Database, jak i komercyjne: Wiley Registry of Mass Spectral Data, MS/MS Spectral
Libraries, NIST Standard Reference Database!. Celem przypisania zidentyfikowanych
zwigzkow do wlasciwych szlakow metabolicznych mozna wykorzysta¢ nastgpujace
bazy: KEGG, BioCyc, PubChem czy ChemBank!?°,
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5. Omowienie prac skladajacych si¢ na rozprawe doktorska

5.1. Cele pracy

Glownym celem badan bylo poszukiwanie metabolitow zwigzanych z florg jelitowa,

wskazujacych na ryzyko rozwoju T2DM.

Aby zrealizowa¢ cel gldéwny, zrealizowano nastepujace cele posrednie:

1. Opracowano metodyke przygotowania probek do analiz przy uzyciu GC-MS,
dostosowang do pomiaru wybranych MDMs.

2. Zastosowano metode GC-MS do pomiaru metabolitow w surowicy krwi osob
zdrowych, w stanie przedcukrzycowym i ze zdiagnozowang T2DM.

3. Wykorzystano technikg GC-MS do oceny popositkowych (positek
wysokoweglowodanowy (WW) i normoweglowodanowy (NW)) zmian w profilu
metabolitdw osocza u 0sob z genotypem ryzyka rozwoju T2DM w genie PROX1

w poréwnaniu do 0séb z genotypem ochronnym.
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5.2. Materialy i metody

Badania zostaly przeprowadzone z wykorzystaniem archiwalnego materiatu
biologicznego tj. probek surowicy oraz osocza zgromadzonego podczas realizacji
projektu pt: ,,Rola czynnikow behawioralnych, antropometrycznych i molekularnych
W rozwoju cukrzycy typu 2 — projekt 1000PLUS” 22, Protokét badan uzyskat akceptacje
Komisji Bioetycznej Uniwersytetu Medycznego w Biatymstoku (nr zgéd: R-I-
002/290/2008/2009, R—1-002/35/2014 oraz APK.002.239.2022).

5.2.1. Grupy badane i material wykorzystany w trakcie poszczegélnych

badan

Publikacja nr 2

Do optymalizacji metody przygotowania probek wykorzystano material pobrany
od zdrowych ochotnikéw. Od kazdego z nich pobrano probki krwi, z ktorych uzyskano
osocze i surowice. Badania wlasciwe przeprowadzono na probkach zgromadzonych
w ramach projektu 1000PLUS. Do badan wilaczono probki pobrane od 42 pacjentow,
u ktorych stwierdzono stan przedcukrzycowy na etapie wiaczenia do projektu. Podczas
5-letniej obserwacji 24 z nich rozwingto T2DM (grupa T2DM_T2), a pozostatych
18 pacjentéw dalej miato stan przedcukrzycowy (grupa PreDiab_T2). Ostatecznie probki
podzielono na cztery grupy: PreDiab_T1 (n=18), PreDiab_T2 (n=18), fT2DM_T1
(n=24), T2DM_T2 (n=24) (Rycina 7).

PreDiab T1 PreDiab T2
(N=18) (N=18)
Follow-up
fT2DM_T1 T2DM_T2
(N=24) (N=24)

Rycina 7. Podziat pacjentow uwzglednionych w badaniu.

Diagnostyka T2DM i stanu przedcukrzycowego byla przeprowadzana w oparciu
0 wytyczne PTD (opisane we wstepie niniejszej rozprawy) tj. na podstawie pomiarow

stezenia glukozy na czczo (FG) oraz w 120 minucie po OGTT. W pierwszym punkcie
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czasowym (T1) badane grupy nie roznity sig istotnie pod wzgledem wskaznika masy ciata
(BMI), FG i w 120 minucie po OGTT, insuliny na czczo, HbAlc, lipoproteiny niskiej
gestosci (z ang. low-density lipoprotein, LDL), lipoproteiny wysokiej gestosci
(z ang. high—density lipoprotein, HDL), cholesterolu catkowitego, triglicerydow,
wskaznika insulinopornosci (z ang. Homeostatic Model Assesment — Insulin Resistance,
HOMA-IR) oraz wskaznika funkcji komorek g trzustki (z ang. Homeostasis Model
Assessment of g—cell function, HOMA-B). Podczas wizyty kontrolnej (follow-up) takie
parametry jak FG, st¢zenie glukozy w 120 minucie OGTT oraz HbAlc byly
podwyzszone u pacjentow z grupy T2DM_T2. W Tabeli 2 przedstawiono mediang

I zakres warto$ci uzyskanych z pomiaro6w antropometrycznych oraz biochemicznych.
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Tabela 2. Zestawienie danych klinicznych dla pacjentow z Publikacji nr 2.

Grupa kontrolna (N= 18) T2DM (N=24)
i _ _ i *p—wartos¢ *p—wartos¢
. Wizyta 1 Wizyta 2 Wizyta 1 Wizyta 2 . .
Parametry kliniczne Wizyta 1 Wizyta 2
PreDiab_T1 PreDiab_T2 fT2DM_T1 T2DM_T2
Wiek [lata] 54,6 (33,4-65,9) 56,4 (37,4-70,9) 58,3 (28,9-65,1) 62,5 (41.2-69.2) 0,157 0,146
Kobieta/Mezczyzna 8/10 11/13 - -
BMI [kg/m?] 33,0 (25,5-46,7) 33,6 (23,7-47,1) 31,5 (22,8-47,2) 32,5 (21,3-49,4) 0,187 0,219
FG [mg/dL] 107 (100-117) 110 (101-121) 108 (84-128) 131 (138-171) 0,876 0,002
Glukoza 120 min
124,5 (68,0-182,0) 126,0 (72,0-190,0) 147,5 (68,5-192,0) | 206,0 (160,0-229,0) 0,132 <0,001
[mg/dL]
Insulina [pU/mL] 13,80 (5,59-29,04) 126,00 (72,00-190,00) | 11,97 (5,98-35,09) | 16,35 (4,73-58,81) 0,618 0,880
HbAlc [%0] 5,80 (4,10-6,40) 5,80 (5,10-6,40) 5,95 (4,90-6,60) 6,15 (5,30-7,70) 0,308 0,006
Calkowity cholesterol
196 (166-324) 181 (125-284) 191 (129-321) 174 (138-310) 0,458 0,723
[mg/dL]
LDL cholesterol
123,0 (93,8-228,0) 105,1 (53,6-221,6) 118,2 (57,4-213,0) 93,8 (60,4-213,4) 0,471 0,348
[mg/dL]
HDL cholesterol
49,5 (32,0-107,0) 49,7 (29,0-125,0) 51,5 (40,0-71,0) 52,0 (36,0-89,0) 0,517 0,319
[mg/dL]
Trojglicerydy
132 (41-227) 107 (33-229) 117 (45-491) 125 (44-232) 0,131 0,875
[mg/dL]
HOMA-IR 3,4 (1,5-7,8) 4,3 (2,8-10,4) 3,0(1,5-94) 5,2 (1,1-20,0) 0,783 0,479
HOMA-B 112,4 (43,0-275,0) 112,0 (71,0-216,0) 97,0 (42,0-349,0) 85,0 (19,0-277,0) 0,687 0,112

*BMI — wskaznik masy ciata; FG — stezenie glukozy na czczo; HbAlc— stgzenie hemoglobiny glikowanej; LDL — lipoproteiny niskiej gestosci; HDL — lipoproteiny
wysokiej gestosci, LDL — lipoproteiny niskiej gestosci; HOMA-IR — wskaznik insulinoopornosci; HOMA-B — wskaznik funkcji komoérek f trzustki; p — wartosé

obliczona na podstawie U-testu Manna Whitneya.
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Publikacja 3

Badania przeprowadzono na probkach osocza pobranych od 18 zdrowych mezczyzn
(uczestnikow badania 1000PLUS), 12 z genotypem ryzyka w genie PROX1 oraz 6
z genotypem ochronnym. Podziat na grupy przeprowadzono na podstawie polimorfizmu
rs340874 w genie PROX1. Do grupy wysokiego ryzyka (z ang. high risk, HR) wtaczono
homozygotycznych nosicieli allelu wysokiego ryzyka C (genotyp CC, n=12), a do grupy
niskiego ryzyka (z ang. low risk, LR) homozygotycznych nosicieli allelu ochronnego T
(genotyp TT, n=6). Grupy byly dopasowane pod wzgledem wieku, parametréw
antropometrycznych, FG, insuliny, a takze HOMA-IR, HOMA-B czy HbAlc (Tabela
3). Na podstawie analizy otrzymanych wynikow u zadnego z uczestnikoOw nie
stwierdzono T2DM czy stanu przedcukrzycowego. Zebrane informacje na temat dziennej
miary aktywnosci fizycznej pokazaly, ze wszyscy uczestnicy posiadali umiarkowang
lub wysoka (wigkszo$¢ uczestnikow) aktywnos¢ fizyczng. Dzienne spozycie energii byto
rowniez podobne u wszystkich uczestnikow (1991,8+£529,7 kcal) z 20,4+4,4%
(19,4+1,4% vs 21,64+4,3% dla LR vs HR, p=0,4) energii z biatka, 33,6+5,8% (33,9+10,0%
vs 31,7+5,3% dla LR vs HR, p=0.9) z tluszczu i 42,0+6,3% (41,4+6,2% vs 42,7+6,8%
dla LR vs HR, p=0.9) z CARBs. Po okoto pieciu latach od pierwszej wizyty uczestnicy
z kohorty 1000PLUS zostali wezwani na wizyte kontrolng. U szesciu osob z grupy
nosicieli alleli ryzyka w rs340874 PROX1 zaobserwowano pogorszenie wybranych
parametréw klinicznych (np. glikemia na czczo, HOMA-IR, HbAlc), ktére wskazujg
na rozw¢j T2DM.
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Tabela 3. Zestawienie danych klinicznych dla pacjentéw z grup HR i LR (Publikacja

nr 3).
Parametry kliniczne HR LR *p-wartos¢
Wiek [lata] 35,8+ 6,9 35,2+9,0 0,88
Waga [Kkg] 91,8+222 93,6 +£23,5 0,89
BMI [kg/m?] 28,1 £54 29,1 £7,8 0,79
Zawartos$¢ tkanki thuszczowej [%] 23677 23,8+9,6 0,96
Bezthuszczowa masa ciala [%] 76,3 + 10,1 74,3+9,0 0,88
Talia [cm] 105,5+ 21,5 107,4 £21,3 0,94
Biodra [cm] 108,0+ 10,0 104,4+ 15,6 0,79
WHR 0,97 £ 0,11 1,03+0,16 0,66
FG [mg/dl] 84,7+5,1 86,2+ 7,6 0,65
Aktywnos$¢ insulin nad czczo [1U/mL] 9,7+7,5 10,4+ 8,7 0,87
HOMA-IR 2,1+1,8 22+1,9 0,89
HOMA-B 150,2 + 81,4 188,2 £ 156,3 0,53
HbAlc 52+0,3 52+0,5 0,77

*BMI — wskaznik masy ciata; FG — stezenie glukozy na czczo; HbAlc— stezenie hemoglobiny glikowanej;
HOMA-IR — wskaznik insulinoopornosci; HOMA-B — wskaznik funkcji komorek S trzustki; p-wartos¢
obliczona na podstawie U-testu Manna Whitneya.

Osoby badane otrzymaty dwa rodzaje positkow: WW/ beztluszczowy (Nutridrink Fat
Free, w ktorym 89% energii pochodzi z CARBS, 0% z thuszczéw, 11% z biatek, 450 kcal)
I NW/wysokobiatkowy (Cubitan, w ktorym 45% energii pochodzi z CARBs, 25%
z thuszczow, 30% z biatek, 450 kcal). Krew do analiz metabolomicznych zostata pobrana

na czczo oraz 30, 60 1 120 min po spozyciu positku.

5.2.2. Pobieranie materialu do badan

W celu pozyskania probek osocza, krew pobierano do probowek S—Monovette
zawierajacych KsEDTA (SARSTEDT, Niemcy). Nastepnie krew odwirowywano przy
15400 x g przez 10 min w 4°C. W przypadku probek surowicy, krew pobierano
do probowek S—Monovette zawierajacych aktywator krzepnigcia. Nastepnie probowki
przechowywano w pozycji pionowej w temperaturze pokojowej przez 60 minut,
aby umozliwi¢ utworzenie skrzepu. Proboéwki odwirowywano w poziomym rotorze
(z odchylang gtowica) przez 10 minut przy 1300 x g w temperaturze pokojowej
(z ang. room temperature, RT). Po odwirowaniu frakcje surowicy lub osocza
przenoszono do probdéwek Eppendorfa i przechowywano w —80°C do momentu

wykonania analiz.
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5.2.3. Metabolity uwzglednione do analiz za pomoca GC-MS

Pomiarami analitycznymi objeto 75 MDMs (Publikacja 2). Metabolity te zostaty
wybrane na podstawie przegladu literatury>®#:8%-9 oraz informacji zawartych w HMDB
(www.hmdb.ca, dostgp 20 kwietnia 2022). Wybrane metabolity stanowig duza
i roznorodng grupe zwigzkoéw zroznicowanych pod wzglegdem budowy chemicznej,
wlasciwos$ci fizykochemicznych, jak rowniez stabilno$ci w trakcie analiz przy uzyciu
GC-MS. Liste analizowanych metabolitow zestawiono w Publikacji nr 2 wchodzacej

w sktad cyklu publikacji tworzacych niniejszg rozprawg.
5.2.4. Powtarzalno$¢, odtwarzalno$¢ i stabilnosé pomiaru wybranych metabolitéw

W celu okreslenia optymalnych warunkéw podczas opracowywania metody

przygotowania probek do pomiaru MDMs, wzieto pod uwage nastgpujace kryteria:
1) powtarzalno$¢ pomiarow,
2) intensywnosci pikow dla poszczego6lnych metabolitow,

3) intensywno$¢ catkowita (z ang. total intensity, TI), ktora jest suma intensywnosci

poszczegbdlnych metabolitow,
4) odtwarzalno$¢ pomiaru.

Stabilnos¢, powtarzalno$¢ i odtwarzalno$¢ pomiarow dla 75 MDMs oceniono
obliczajac RSD na podstawie intensywnos$ci pikow otrzymanych dla kazdego metabolitu
w zmierzonych probkach. W celu wyznaczenia powtarzalno$¢ przeanalizowano probki
0socza oraz surowicy w 50 powtorzeniach kazda, wykonujac analizy przy optymalnych
parametrach metody. W celu wyznaczenia odtwarzalnosci przeanalizowano po 10 probek
0socza i surowicy w trzech sekwencjach. W celu wyznaczenia stabilnosci 75 MDMs,
przygotowane probki osocza oraz surowicy przeanalizowano przy uzyciu GC-MS po 8,
24, 36 1 48 godzinach od przygotowania, przechowujac je w RT, na automatycznym

podajniku do préobek.
5.2.5. Optymalizacja metody przygotowania probek

Na etapie optymalizacji, wptyw testowanych parametrow byt oceniany w oddzielnych
sekwencjach, a przygotowanie probek, z uwzglednieniem badanej przez nas zmiennej
wykonane zostalo w trzech powtorzeniach. Wszystkie optymalizowane parametry

oraz testowane zakresy ich warto$ci zostaly wybrane na podstawie przegladu
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literaturowego, jako najczeSciej stosowane podczas przygotowania probek osocza
oraz surowicy w badaniach metabolomicznych3%94121-125 W jednej sekwencji

analizowane byly probki badane, kontrolne (z ang. quality control, QCs) oraz Slepe proby.

Pierwszym optymalizowanym parametrem byt dobor rozpuszczalnika do wytracenia
bialek oraz ekstrakcji. Nastgpnie na etapie derywatyzacji zoptymalizowano rézne
zmienne. Najpierw przetestowano wplyw stezenia (1040 mg/ml, w objetosci 10 ul),
a nastgpnie objetosci (10-50 ul) chlorowodorku O-metoksyaminy w pirydynie,
rozcienczonego do objetosci 120 pl heptanem zawierajagcym WzOrzec wewngetrzny
(z ang. internal standard, IS). W kolejnym etapie zbadano wplyw warunkéw reakcji
tj. temperatury i czasu na dwustopniowy proces derywatyzacji. W pierwszym etapie,
tj. metoksymacji (MeOx), badano wptyw czterech programéow temperaturowych i) 37°C
przez 30 min (P1), it) 70°C przed godzing (P2), iii) RT przez 16 godzin (P3) oraz iv) 70°C
przez godzing, a nastgpnie przez 16 godzin w RT (P4). Podczas optymalizacji warunkoéw
na pierwszym etapie, do drugiego etapu stosowano program temperaturowy 37°C
przez 30 minut. Nastepnie, podczas optymalizacji drugiego etapu tj. sililacji, testowano

réwniez cztery programy temperaturowe 37°C i 70°C (przez 30 i 60 minut).

5.2.6. Przygotowanie prébek klinicznych

Do stracenia biatek oraz ekstrakcji probek surowicy (50 ul) wykorzystano 150 pl
(MeOH:H20, 9:1, viv) (1:3, —20°C) zawierajgcego IS1 tj. kwas 4-nitrobenzoesowy
o0 stezeniu 25 ppm, a nastgpnie przeprowadzono dwustopniowy proces derywatyzacji:
1) MeOX z 30 pL chlorowodorku O-metoksyaminy w pirydynie (30 mg/ml, RT, 16
godzin), a nastgpnie 2) sililacji z 30 pL MSTFA zawierajagcym 1% TMCS (70°C,
1 godzina) (Rycina 8). W kofncowym etapie do probek dodano 60 pL heptanu

zawierajacego IS2 tj. stearynian metylu o st¢zeniu 20 ppm.

Osocze (40 pl) odbiatczano poprzez dodanie 120 ul (ACN) (1:3, —20°C)
zawierajacego IS1 tj. kwas 4-nitrobenzoesowy o stezeniu 25 ppm, a nastepnie
przeprowadzono dwustopniowg derywatyzacje: 1) MeOX z 10 uL chlorowodorku
O-metoksyaminy w pirydynie (15 mg/ml, RT, 16 godzin), a nastgpnie 2) sililacj¢ z 10
uL BSTFA zawierajacym 1% TMCS (70°C, 1 godzina) (Rycina 8). W koncowym etapie
do probek dodano 100 pL heptanu zawierajgcego IS2 tj. stearynian metylu o stezeniu 20
ppm.
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Probki QCs, ktore wykorzystano do wyliczenia wartosci RSD zostaly przygotowane

W ten sam sposob jak probki badane. Sze$¢ probek QCs zostato nastrzyknigtych przed

analizg probek klinicznych, w celu osiggnigcia stanu rownowagi uktadu, aby zapewnic¢

powtarzalno$¢ pomiaru. W kazdej sekwencji na poczatku analizowano mieszaning estrow

metylowych kwasow ttuszczowych (z ang. fatty acids methyl esters, FAMES), mieszaning

n—alkanow, $lepa probe oraz sze$¢ probek QCs, a po kazdych o$miu nastrzyknigciach

probek badanych nastrzykiwano jedng probke QC. Pod koniec sekwencji ponownie
nastrzykiwano jedng probke QC oraz $lepa probe.

Inkubacja
Dodanie 10 uL 16 h, RT,
MeOX (15 mg/mL) dodanie 10 puL
wytrzasanie (5 min), BSTFA+1% TMCS,
sonifikacja (2 min) wytrzasanie
(2 min)

a)
Odparowanie w
koncentratorze
40 pl osocze prozniowym po
+120pL wytrzasaniu
25 ppm 4-NBA (5 min)
wACN (1:3, - i odwirowaniu
20°C) (4°C, 10 min,
16000g)

Odparowanie w
koncentratorze
50 pl surowica prézniowym po
+150uL wytrzasaniu
25 ppm 4-NBAwW (5 min)
MeOH:H,0, 9:1, i odwirowaniu
viv) (1:3,-20°C) (4°C, 10 min,
16000g)

Inkubacja 1 h,

70°C. Na koniec,

dodanie 100 uL
20ppm IS2w
heptanie

Analiza GC-MS,
Identyfikacja
metabolitéow,

Przetwarzanie

danych,
Analiza
statystyczna,
Interpretacja
biolggiczna

Osocze

Inkubacja
Dodanie 30 uL 16 h, RT,
MeOX (30 mg/mL) dodanie 30 puL
wytrzasanie (5 min), MSTFA+1% TMCS,
sonifikacja (2 min) wytrzgsanie
(2 min)

Inkubacja 1h,

70°C. Na koniec,

dodanie 60 puL
20ppm IS2w
heptanie

Analiza GC-MS,
Identyfikacja
metabolitow,

Przetwarzanie

danych,
Analiza
statystyczna,
Interpretacja
biolggiczna

—Surewica—

* 4-NBA- kwas nitrobenzoesowy, MeOX- chlorek O-metoksyaminy HCl w pirydynie

Rycina 8. Przygotowanie probek klinicznych: a) osocze i b) surowica.
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5.2.7. Analizy GC-MS

Rozdziat chromatograficzny prowadzono na kolumnie kapilarnej DB-5-MS (30 m
x 0,25 mm, wypetnionej fazg 5% difenylo— i 95% dimetylopolisiloksanu o grubosci
0,25um) z zastosowaniem helu jako gazu no$nego (przeptyw 1,0 mL/min)
oraz temperaturg kolumny wynoszaca 60°C (przez pierwsze 10 minut), a nast¢pnie
w gradiencie temperatury rosngcym z szybkoscig 10°C/min do 325°C utrzymane
w najwyzszej temperaturze przez 1 minute (catkowity czas analizy 37,5 minut). Analizy
zostaly wykonane przy pomocy GC-MS (GC — model 7830B, detektor MS — model
7000D, oba Agilent Technologies, Santa Clara, California, USA). ldentyfikacja
metabolitow zostala wykonana na podstawie dostepnych baz danych (NIST, Fiehn)
oraz wiasnej biblioteki. Wstgpne opracowanie otrzymanych danych wykonano przy
pomocy oprogramowania Mass Hunter Unknown 10.1, Mass Hunter Quantitative
Analysis 10.1, Mass Hunter Qualitative Analysis B.06.00 oraz Mass Profiler Professional
B12.1 (wszystkie Agilent Technologies, Santa Clara, California, USA).

5.2.8. Analiza statystyczna danych metabolomicznych uzyskanych dla proébek

klinicznych — Publikacja nr 2

Zmienne istotne statystycznie zostaly wyselekcjonowane przy pomocy statystyki
wielowymiarowej tj. analizy dyskryminacyjnej zmiennych ortogonalnych najmniejszych
kwadratow (z ang. Orthogonal Partial Least Squares Discriminant Analysis, OPLS-DA).
Metabolity uznawano za istotne statystycznie jezeli spelnialy dwa warunki: warto$¢
[p (corn]>0,4 i wartos¢ znaczenia zmiennej w projekcji (z ang. variable importance
in the projection VIP)>1. Walidacj¢ modeli OPLS-DA przeprowadzono metoda
walidacji krzyzowej, stosujac podejécie opisane we wczesniejszej publikacjil?.
Statystyka wielowymiarowa zostala wykonana w programie SIMCA-P+ 13.0.3.0
(Umetrics, Umea, Szwecja). W celu sprawdzenia przydatnos$ci istotnych statystycznie
metabolitow jako potencjalnych biomarkeréow predykcyjnych T2DM wykonano analize
oceny jakosci klasyfikatora (z ang. receiver operating characteristic, ROC)
w MetaboAnalyst 5.0.

5.2.9. Analiza statystyczna préobek klinicznych — Publikacja nr 3

Analize statystyczng przeprowadzono niezaleznie dla kazdego z positkow, WW i NW.
W zwigzku z niewielkg liczebnos$cig grup, analize¢ danych przeprowadzono

z wykorzystaniem metod nieparametrycznych. W probkach zaleznych rdznice
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w poziomie metabolitu w 30’, 60" i 120’ po spozyciu positku w poréwnaniu do poziomu
na czczo oceniano testem Wilcoxona, podczas gdy test Manna —Whitney’a uzyto
do zbadania réznic w poziomie metabolitow na czczo miedzy grupami HR i LR.
Za istotne statystycznie uznano cechy metaboliczne o wartosci p < 0,05. Analize¢

statystyczng przeprowadzono przy uzyciu oprogramowania R (wersja 4.0.0).

6. Wyniki

6.1. Optymalizacja metody przygotowania probek osocza i surowicy

Pierwszym krokiem przed rozpoczgciem optymalizacji metody przygotowania probek
do badan byto sprawdzenie, ktoére metabolity zwigzane z GM sa wykrywane w 0Soczu
I surowicy przy uzyciu GC-MS. Po wstepnej obrobce danych (dekonwolucii,
wyréwnaniu i normalizacji danych do IS) uzyskano 102 cechy metaboliczne dla obu
matryc. Po uwzglednieniu pochodnych tworzacych si¢ w wyniku derywatyzacji
dla niektorych AAs i CARBs, pozostato 85 metabolitow. Metabolity przefiltrowano,
pozostawiajac tylko te, ktorych RSD w probkach QC byto ponizej 30% w obu badanych
matrycach. Ostatecznie wybrano 75 MDMSs nalezacych do roznych klas, ktore biorg
udziat w wielu réznych szlakach biochemicznych m.in. cyklu kwaséw
trikarboksylowych; metabolizmu pirogronianu, tryptofanu, histydyny, glutationu;
biosynteza nienasyconych kwaséw tluszczowych, pierwotnych kwaséw zotciowych,
kwasow tluszczowych; waliny, leucyny i izoleucyny; szlaku pentozofosforanowego
oraz glukoneogenezy. Szczegotowa lista metabolitow uwzglednionych do optymalizacji

umieszczona zostala w publikacji nr 2 wchodzacej w sktad cyklu.

6.2.  Wybor rozpuszczalnika do ekstrakcji metabolitéw z osocza lub surowicy

W pierwszym etapie optymalizacji dobierano rodzaj rozpuszczalnika do stracania
biatlek 1 ekstrakcji metabolitbw. Zostala sprawdzona skuteczno$¢ powszechnie
stosowanych mieszanin rozpuszczalnikow tj.: ACN:isoProp:H.0 (viviv; 3:3:2)
MeOH:H20 (viv; 9 :1); MeOH:isoProp:H20 (v:viv; 3:3:2), MeOH:EtOH (v:v; 1:1)
(okreslane dalej jako rozpuszczalniki) oraz ACN. Na Rycinach 9 i 10 przedstawiono
wartosci RSD oraz intensywnos$ci sygnatow (panel (a) dla osocza, (b) dla surowicy)
uzyskanych w trakcie analizy 75 MDMs przy uzyciu platformy GC-MS.
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Rycina 9. Wykres stupkowy przedstawiajacy wartosci RSD < 10, 20, 30 oraz >40% dla poszczegdlnych MDMs w zaleznosci od rodzaju

uzytego rozpuszczalnika do ekstrakcji MDMS z probek (a) — 0socza oraz (b) — surowicy.
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(a) — osocze oraz panel (b) — surowicy.
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Na podstawie wynikow zaprezentowanych na powyzszych rycinach wybrano najlepsza
mieszaning rozpuszczalnikow ekstrakcyjnych. Intensywnosci sygnalow uzyskane
dla metabolitow  wyekstrahowanych za pomocg MeOH:H.O (viv; 9:1)
oraz MeOH:isoProp:H20 (v:viv; 3:3:2) byly porownywalne. Analiza probek osocza
przygotowanych przy uzyciu mieszaniny MeOH:H,O (v:v; 9:1) umozliwita uzyskanie RSD
w zakresie od 10-20% dla 21 MDMs oraz ponizej 10% dla 51 MDMs. W przypadku analizy
probek surowicy, RSD miescito si¢ w zakresie 0,5-8,5% i 10,1%-19,7% odpowiednio
dla 40 i 23 MDMs. Ekstrakcja metabolitow przy pomocy MeOH:isoProp:H.0 (v:v:v; 3:3:2)
pozwolita na uzyskanie warto$ci RSDs, ktore miescity sie w zakresie 0,7-9,5% i1 10,2-19,6%
odpowiednio dla 30 i 28 MDMs. Natomiast w probkach osocza, wartosci RSDs w zakresie
2,4-9,6% i 10,5-19,0% odpowiednio dla 22 i 30 MDMs. Ponadto w przypadku obu matryc
uzyskane wartosci RSDs obliczone na podstawie zmierzonych intensywnosci sygnatow
po ekstrakcji z ACN, MeOH:isoProp:H20 (v:v:v; 3:3:2) i MeOH:EtOH (v:v, 1:1) mialy
szerszy zakres RSDs i wigkszg liczbg MDMs w zakresie RSD od 30% do 40% i powyzej
40%, niz przy uzyciu pozostatych rozpuszczalnikow ekstrakcyjnych. Uzyskane wyniki
badan pokazaly, ze najbardziej powtarzalna ekstrakcja byla w przypadku zastosowania

mieszaniny MeOH:H-0 (v:v; 9:1), ktéra zostata wybrana do kolejnego etapu optymalizacji.

6.3. Dobor stezenia i objetosci odczynnika do metoksymacji

W kolejnym etapie optymalizacji metody przygotowania probek do pomiaru 75 MDMs
poréwnano wplyw réznych stezen i objetosci odczynnika do MeOx, chlorowodorku
O-metoksyaminy w pirydynie, na efektywnos¢ procesu derywatyzacji (Rycina 11).
Najpierw sprawdzono sze$¢ powszechnie stosowanych stgzen tego odczynnika w zakresie
od 15 do 40 mg/ml (co 5 mg/ml), dodawanych w objetosci 10 ul do obu matryc (po etapie
sililacji uzupelionych do objetosci 120 pul heptanem, zawierajgcym IS2).
W probkach osocza intensywnos$¢ pikow dla wiekszosci analizowanych MDMSs (46 z 75)
zwickszatla si¢ wraz ze wzrostem stgzenia Stosowanego odczynnika do MeOx
do uzyskania stezenia 30 mg/ml, z pewnym wyjatkiem dla AAS. Intensywno$¢
analizowanych  metabolitow  zmniejszylta sie, gdy stezenie chlorowodorku
O-metoksyaminy w pirydynie byto wyzsze niz 30 mg/ml. W probkach surowicy najwyzsza
intensywno$¢ obserwowano przy uzyciu stgzenia 30 mg/ml. Wykorzystanie wyzszych
stezen skutkowalo uzyskaniem wspotmiernych intensywnosci pikow dla metabolitow
z wyjatkiem wynikow uzyskanych dla kreatyniny (Cre) i AAs (Ala, Phe, metioniny (Met)

I Thr). Intensywnos¢ pikéw tych AAS zmniejszala si¢ wraz ze wzrostem stezenia odczynnika
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do MeOx. TI byta najwyzsza przy zastosowaniu stezenia 30 mg/ml
w probkach surowicy oraz 25 mg/ml w probkach osocza. Jako optymalng wartos$c
do przygotowania obu rodzajow probek wybrano stezenie  chlorowodorku
O-metoksyaminy w pirydynie réwne 30 mg/ml. Wyniki uzyskane dla MDMs
po przygotowaniu probek z wykorzystaniem wybranego st¢zenia odczynnika do MeOx
charakteryzowaly si¢ najnizsza wartoscia mediany dla wyliczongo RSD na podstawie
intensywnos$ci sygnatow, tj. 9,2% w osoczu i 6,4% w surowicy (Tabela 4). Obliczone
wartos$ci RSD byty ponizej 20% dla 58 MDMs w osoczu i dla 71 MDMs w surowicy.

150000000
140000000
130000000 surowica

120000000
110000000 0s0CZe

TI

100000000
90000000
80000000
F0000000
60000000

50000000
15 20 25 30 35 40
mg/mL

Rycina 11. Wykres zalezno$ci sumy intensywnos$ci sygnatow (T1) dla MDMs od uzytego

stezenia chlorowodorku O—metoksyaminy w pirydynie.
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Tabela 4. Porownanie wptywu réznych stgzen O—metoksyaminy HCI w pirydynie (mg/ml)

na powtarzalno$¢ pomiaru 75 MDM w obu matrycach.

15 20 | 25 | 30 | 35 | 40
RSD [%] (mg/mL)
Liczba MDMs (osocze/surowica)*
<10 2/25 16/36 20/53 39/42 30/52 25/7
<20 1/29 24/20 24/12 18/27 20/8 22/24
<30 2/8 8/6 9/3 712 718 7/18
> 30 70/13 27113 22]7 11/4 18/7 21/26
Mediana RSD [%] | 84,3/14,7 | 18,6/11,0 | 16,4/6,7 | 9,2/6,4 | 14,2/9,0 | 14,0/25,1

* W tabeli przedstawiono liczbe MDMs z RSD dla osocza/surowicy < 10 —30% i powyzej
30%.

Nastgpnie sprawdzono wptyw pieciu roéznych objetosci odczynnika do MeOx
na efektywnos$¢ procesu derywatyzacji, tj. 10, 20, 30, 40 i 50 ul, o stezeniu 30 mg/mL
(Tabela 5). Testy przeprowadzono stosujac ta samg objeto$¢ odczynnika do sililacji
(MSTFA z 1% TMCS). Probki po sililacji rozcienczono heptanem zawierajgcym IS2
do objetosci 120 pl. Wartosci T1 obliczone na podstawie sumy sygnatow wzrastaty
wraz ze wzrostem objetosci testowanego odczynnika do MeOx (Rycina 12). Najwyzszy TI
zaobserwowano dla objetosci 30 i 50 ul odpowiednio dla surowicy i osocza. W obu
badanych matrycach najlepsza powtarzalno$¢ pomiaru (<20% RSD) dla wigkszosci
wykrytych  MDMs uzyskano dla objetosci 30 pl chlorowodorku O-metoksyaminy
w pirydynie. W probkach osocza wartos¢ mediany RSD byta znacznie wyzsza dla 10120 pl
w poréwnaniu z innymi wartosciami (32,5% dla 10 pl, 29,2% dla 20 ul i 10,1-12,6%
dla 30-50 pl). W probkach surowicy mediana RSD dla wszystkich badanych objetosci
miescita si¢ w zakresie 5,0-11,1%. Dodatkowo zaobserwowano, ze Lys i kwas askorbinowy
nie byly wykrywane w zadnej matrycy podczas analizy GC-MS, gdy stosowano objetos¢
101 20 ul MeOx. Natomiast 5-hydroksy—L—Trp byt wykrywany tylko w probkach osocza,
niezaleznie od objetosci MeOx. Wyliczona warto$¢ powtarzalnosci dla objetosci 30 1 40 pl
w surowicy byta podobna (RSD dla 68 i 65 metabolitow <20%; mediana RSD odpowiednio
7,9 i 7,8%). Dodatkowo TI wszystkich MDM w surowicy byt najwyzszy dla 30 pl,
dlatego w kolejnym kroku optymalizacji wybraliSmy t¢ objetos¢ odczynnika MeOx
do przygotowania obu rodzajow probek.
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Rycina 12. Wykres zaleznosci sumy intensywnos$ci sygnatow (TI) analizowanych

MDMs od uzytej objetosci chlorowodorku O—metoksyaminy w pirydynie.

Tabela 5. Porownanie wplywu réznych objetosci O—metoksyaminy HCI w pirydynie

(mg/ml) na powtarzalno$¢ pomiaru 75 MDM w obu rodzajach probek.

10 20 | 30 | 40 50
RSD [%0] ul
Liczba MDMs (osocze/surowica)*
<10 9/35 29/54 39/52 35/44 8/47
<20 9/26 28/15 22/14 25/20 5/16
<30 12/7 6/3 6/4 8/3 26/2
> 30 4517 12/3 8/5 7/8 36/10
Median
RSD [%] 32,5/11,1 29,2/5,0 12,6/7,9 10,1/7,8 10,4/8,8

*w tabeli przedstawiono liczche MDMs z RSD dla osocza/surowicy < 10 —30% i powyzej

30%.

6.4. Wplyw warunkéw metoksymacji oraz sililacji na efektywnos¢ derywatyzacji

W kolejnym etapie poréwnano wptyw czasu i temperatury MeOX na efektywno$¢ procesu

derywatyzacji (Rycina 13). Przetestowano cztery programy MeOXx najczesciej stosowane

w badaniach metabolomicznych: (P1) 37°C przez 30 minut, (P2) 70°C przez 1 godzing,

(P3) RT przez 16 godzin oraz (P4) 70°C przez 1 godzing, a nastgpnie RT przez 16 godzin.

Uzyskane wyniki dla wybranych zmiennych przedstawiono w Tabeli 6. Wartosci

powtarzalno$ci wyliczone dla wszystkich MDMs w osoczu byty podobne w kazdym

z rozpatrywanych wariantéw. Obliczone wartosci RSD dla ponad 70 MDMs byly ponizej
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20%, podczas gdy mediana RSD wahata si¢ od 4,3% do 7,6%. MDMs wykryte
w probkach surowicy charakteryzowaly si¢ wyzszg zmienno$cig pomiarow. Obliczone
mediany RSDs miescity si¢ w zakresie od 9,4% do 18,5% dla wszystkich testowanych
programéw. Warto$ci RSD byty powyzej 20% dla ponad 30 MDMs, gdy poréwnano wyniki
dla wszystkich testowanych programoéw, z wyjatkiem MeOx przeprowadzonej dla programu
P3. Natomiast wartosci RSD byly powyzej 30% dla 10 metabolitow, a $rednie RSD
dla parametru P3 Dbylo najnizsze (9,4%). Zaobserwowano rowniez roznice
w intensywnos$ciach sygnalow uzyskanych podczas pomiaru MDMs w obu badanych
rodzajach probek. Najwigksza intensywno$¢ dla wigkszosci wykrytych MDMs (53 z 75)
w obu matrycach zaobserwowano, gdy zastosowano program P3. Stosujac program P1
uzyskano najnizszg intensywno$¢ dla ponad 50 MDMs w osoczu oraz 48 MDMs
W surowicy. Stwierdzono, ze intensywno$¢ pikow MDMs zwigkszata  si¢
wraz z wydluzaniem czasu MeOx. Zaobserwowano rowniez, ze disacharydy byty
niecatkowicie metoksymowane w 37°C przez 30 minut (P1), o czym §wiadczy znaczne
poszerzenie piku spowodowane wieloma pochodnymi, ktorych nie potwierdzono w 70°C.

Wigcej szczegotow dotyczacych wynikow znajduje sie w publikacji nr 2 z cyklu.
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Rycina 13. Wykres zaleznosci sumy sygnatéw dla 75 MDMs od uzytego programu

na etapie A) MeOX oraz B) sililacji.

Tabela 6. Poréwnanie wptywu réznych warunkéw na etapie MeOX na powtarzalnos¢

pomiaru 75 MDMs w obu rodzajach probek.

Pl P2 P3 P4
RSD [%0] Liczba MDMs (osocze/surowica)*
<10 63/28 55/23 70/39 61/24
<20 12/15 16/22 4/19 12/16
<30 0/5 2/15 17 0/1
> 30 0/27 2/15 0/10 2134
Median RSD

[%0] 4,5/15,9 7,6/18,5 4,3/9,4 5,7/17,5

*w tabeli przedstawiono liczbe MDMs z RSD dla osocza/surowicy < 10 —-30% i powyzej
30% (P1-w 37°C przez 30 minut;P2 —w 70°C przez 1h; P3— 16 h w RT; P4—w 70°C przez

1h, 16 hwRT).

54




Tabela 7. Porownanie wptywu réznych warunkoéw na etapie sililacji na powtarzalnosé¢

pomiaru 75 MDM w obu rodzajach probek.

37°C, 30 minut | 37°C, 60 minut | 70°C, 30 minut | 70°C, 60 minut
RSD [%0] Liczba MDMs (osocze/surowica)*
<5 38/25 37/17 41/24 37/38
<10 20/21 28/22 22/21 22/14
<15 8/14 7/10 7/13 8/10
<20 5/8 1/2 4/9 3/3
>20 417 2/24 1/8 5/10
Median RSD
[%0] 4,9/7,8 5,4/10,2 5,0/7,8 5,3/5,7

*w tabeli przedstawiono liczcbe MDMs z RSD dla osocza/surowicy < 10 —30% i powyzej
30%.

Ostatni test polegal na zbadaniu wptywu temperatury i czasu na proces sililacji. Pierwsza
obserwacja (Rycina 13) byta taka, ze TI dla pikéw wszystkich MDMs bylo wyzsze
w surowicy niz w osoczu. Poréwnujac Tl dla pikow MDMs w réznych warunkach dla obu
matryc zaobserwowalismy, ze TI byt najwyzszy dla programu 70°C przez 60 min, a TI byta
poréwnywalna dla programu przeprowadzonego w 37°C przez 60 min. W probkach
surowicy wyliczona mediana dla poszczegdlnych wartosci RSD byta najwyzsza (10,2%),
gdy zastosowano program 37°C przez 60 min, natomiast najnizszg warto$¢ mediany RSD
(5,7%) osiagnieto dla programu inkubacji 70°C przez 60 minut (Tabela 7). Dodatkowo
program ten byt korzystny dla AAs i OrgAs, dla ktoérych ogdlne warto$ci powtarzalnosci
pomiaru poszczegélnych metabolitow byly najnizsze. Zgodnie z wynikami uzyskanymi
dla probek osocza zaobserwowalismy, ze wartos¢ mediany RSD byta poréwnywalna
dla wszystkich programow (4,9-5,4%). Derywatyzacja kwasow karboksylowych, takich
jak kwas pirogronowy, glicerynowy i mlekowy przebiegata istotnie lepiej, gdy zastosowano
program 37°C przez 30 minut, natomiast derywatyzacja wigkszosci AAS i FAS przebiegata
znacznie lepiej, gdy zastosowano program 70°C przez 60 minut. Ostatecznie, ze wzgledu
na porownywalne warto$ci mediany RSD uzyskane dla sililacji w temperaturze 70°C
przez jedng godzing w przypadku obu matryc (odpowiednio 5,3 i 5,7% dla osocza

I surowicy), wybrany zostal ten program do przygotowania probek przed analiza GC-MS.
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6.5. Powtarzalno$¢, odtwarzalno$¢ i stabilno$¢ pomiaréw wybranych metabolitow

Zoptymalizowana metoda przygotowania probek =zostala oceniona pod katem
powtarzalno$ci, odtwarzalnosci pomiaréw oraz stabilno$ci dla wybranych 75 MDMs.
W probkach osocza warto$¢ mediany RSDs wyniosta 12,6%, w zakresie od 3,5% dla kwasu
mlekowego do 37,3% dla Orn. Natomiast w probkach surowicy mediana RSD wyniosta
13,6%, w zakresie od 4,6 % dla Thr do ponad 50% dla 5-hydroksy—L—Trp, Orn i kwasu
asparaginowego. W probkach osocza odtwarzalno$¢ pomiaru miedzy sekwencjami wyniosta
23,5%, podczas gdy w probkach surowicy odtwarzalno$¢ migdzy sekwencjami wyniosta
23,0%. Podsumowujac, zoptymalizowana metoda przygotowania probek charakteryzowata
si¢ dobrg powtarzalnos$¢ i odtwarzalno$cia pomiaru MDMs nalezacych do roznych klas,
w tym AA, CARB i OrgAs. Uzyskane wyniki wskazuja, ze wigkszo$¢ metabolitow byla
stabilna nawet po 48 godzinach po derywatyzacji, a mediana RSD wahata si¢ miedzy 8,8—
12,8% w osoczu i 6,6-9,4% w surowicy. Zaobserwowano, ze Gln i kwas benzoesowy tracit
stabilno$¢ po 8 godzinach, natomiast dwa AAs i FAs w osoczu i1 cztery AAs w probkach
surowicy zaczynaly degradowaé¢ po 36 godzinach. Wiece] szczegotow dotyczacych
wynikow powtarzalnosci, odtwarzalno$ci oraz stabilnosci dla poszczegdlnych MDMs

znajduje si¢ w publikacji nr 2 z cyklu.
6.6. Wyniki badan metabolomicznych probek klinicznych — publikacja nr 2

W celu oceny jakos¢ danych metabolomicznych przeprowadzono analiz¢ PCA.
Klastrowanie probek QCs na wykresie PCA (umieszczonym w pracy badawczej nr 2
z cyklu) swiadczy o dobrej jakosci uzyskanych danych. Do Klasyfikacji probek wybrano
modele OPLS-DA przygotowane dla nastgpujacych poréwnan: A) PreDiab T2 vs.
T2DM_T2 oraz B) fT2DM_T1 i T2DM_T2 (Rycina 14).
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Rycina 14. Wykresy OPLS-DA przedstawiajace klasyfikacje probek z grup fT2DM_T1
i T2DM_T2 oraz PreDiab_T2 i T2DM_T2 (fT2DM_T1 (zielone kotka), PreDiab T2
(niebieskie kotka) i T2DM_ T2 (czerwone kotka). Wykres OPLS-DA (A) poréwnanie
PreDiab_T2 vs. T2DM_T2 (skalowanie Pareto, R? = 0,912, Q? = 0,803) oraz B) fT2DM_T1
i T2DM_T2 (skalowanie Pareto; R?> = 0,970, Q> = 0,804). Walidacja modeli

] 126

przeprowadzona zgodnie z Ciborowski i wspot.~=° wykazata prawidtowq klasyfikacje probek

W 94,5+5,2% (model a) i 94,0+6,2%. (model b).

Nie zaobserwowano istotnych statystycznie réznic migdzy grupami PreDiab T1
1 fT2DM TI1 oraz PreDiab T1 i PreDiab T2. W przypadku poréwnania PreDiab T2
I T2DM_T2 wykazano istotnos¢ statystyczng dla 18 MDMs, gtownie AAS, FAs i CARBs.
Dodatkowo dla zmierzonych metabolitow wyliczono wartosci krotno$ci zmian (z ang. fold
change, FC). Wsrod statystycznie istotnych metabolitow w grupie T2DM_T2 poréwnaniu
z grupg PreDiab_T2 wzrost poziom kwasu alfa hydroksymastowego (a—HBA) (FC=1,24),
Leu (FC=1,28), GIn (FC=1,48), Trp (FC=1,96), cysteiny (2,07) i kwasu stearynowego
(z ang. stearic acid, SA) (FC=1,79), podczas gdy poziom Cre (FC=0,76), Glu (FC=0,65)
i Orn (FC=0,63) zmalal. Dodatkowo potwierdzono zmiany w 12 MDMs w grupie
fT2DM_T1 w poréwnaniu z grupa T2DM_T2. Wsrod statystycznie istotnych metabolitow
poziom fenyloalaniny (FC=1,67), kwasu palmitynowego (z ang. palmitic acid, PA)
(FC=2,28) oraz kwasu palmitoleinowego (FC=2,13) wzrost, podczas gdy poziom His
(FC=0,83) oraz Glu (FC=0,82) spadt w grupie T2DM_T2 w poréwnaniu z fT2DM_T1.
Wigcej szczegdtow dotyczacych wynikow dla poszczegélnych MDMs znajduje sie
w publikacji nr 2 z cyklu.
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W celu sprawdzenia przydatnos$ci istotnych statystycznie metabolitow jako potencjalnych
biomarkeréw pozwalajacych na réznicowanie pacjentow w stanie przedcukrzycowym
od pacjentow z T2DM wykonano analizy krzywych ROC (rycina 15 A). Krzywe ROC
zostaly skonstruowane dla 18 istotnych statystycznie MDMs na podstawie ich intensywnoS$ci
w badanych probkach. Nastepnie, aby uzyska¢ lepszy klasyfikator do sporzadzenia kolejne;j
krzywej ROC, wybrano siedem MDMs (pi¢¢ AAs oraz dwa FAs) wykazujacych wysoka
moc dyskryminacyjng (rycina 15 C).
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Rycina 15. Panel metabolitow roéznicujgcy stan przedcukrzycowy od T2DM. (a) krzywe ROC i warto$ci AUC w oparciu o model klasyfikacji
maszyna wektoréw nosnych (z ang. suport vector machine, SVM) dla wszystkich istotnych statystycznie metabolitow; (b) — wykres
najwazniejszych i najczesciej wybieranych zmiennych podczas analizy ROC; (c) — krzywe ROC i wartosci AUC w oparciu o model
klasyfikacji SVM dla 7 MDMs; (d) krzywe ROC dla poszczegdlnych metabolitow.
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6.7. Wyniki badan metabolomicznych probek klinicznych — publikacja nr 3

Po wstepnej obrobce danych (dekonwolucja, wyréwnanie, normalizacja danych
i filtrowanie), uzyskano 125 cech metabolicznych z czego 58 metabolitow o RSD ponize;j
30% w probkach QCs. Przeprowadzona analiza statystyczna nie wykazata rdznic
w poziomach metabolitéw mi¢dzy badanymi grupami w probkach pobranych na czczo.
Roéwniez w przypadku nosicieli genotypu LR nie zaobserwowali$§my zadnych istotnych
statystycznie MDMSs po spozyciu obu positkoéw. Natomiast u me¢zczyzn bedacych
nosicielami genu wysokiego ryzyka, zaobserwowali$my zmiany w poziomie 11 MDMs
po spozyciu positku WW i 5 MDMs po positku NC. Na Rycinie 16 przedstawiono
przyktadowy chromatogram probki osocza na ktéorym zaznaczono istotne statystycznie

MDMs.
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Rycina 16. Przyktadowy chromatogram uzyskany w wyniku analizy probki o0socza
technika GC-MS. Na rycinie zaznaczono istotne statystycznie MDMs: 1. Ala, 2. His, 3.
Cre, 4. Norleucyna, 5. Galaktozamina, 6. Galaktoza, 7. Alloza, 8. Fruktoza, 9. Kwas
glicerynowy, 10. Kwas palmitynowy, 11. 5-Keto—D—glukonian, 12. Kwas glukonowy, 13.
Tyramina, 14. Kwas moczowy, 15. Kwas alfa—hydroksymastowy.

Szczegotowe wyniki przedstawione sg na Rycinie 17 oraz w pracy nr 3, bedacej czescia

niniejszej rozprawy.
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Rycina 17. Metabolity zmieniajgce si¢ w sposob istotny statystycznie po spozyciu
positku NW i/lub WW. AA — aminokwasy, CARB — weglowodany, HA — kwasy
hydroksylowe, FA — kwasy tluszczowe, PH — puryny, KA — ketokwasy. Strzatkami
oznaczono metabolity istotne statystycznie. Czerwone strzatki wskazujq spadek,
natomiast zielone strzalki wzrost poziomu metabolitow u pacjentow z genem ryzyka

w porownaniu do pacjentow z genotypem LR.

Dodatkowo analiza przeprowadzona z wykorzystaniem platformy MetaboAnalyst 5.0
pozwolita na przypisanie istotnych statystycznie metabolitow do odpowiednich szlakow
metabolicznych. Nalezag one m.in. do takich szlakéw, ktore moga bra¢ udziat
w rozwoju T2DM, tj.: metabolizm cukrow, glicerolipidow, histydyny czy szlak

pentozofosforanowy (Rycina 18).
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Rycina 18. Szlaki metaboliczne do ktorych nalezg istotne statystycznie
metabolity wykryte metodg GC-MS.

7. Dyskusja

Rozwdj technik analitycznych o wysokiej przepustowos$ci, m.in. spektrometrii mas
w pofaczeniu z GC, przyczynil si¢ do powstania nowych metod analitycznych?®.
Umozliwiajg one jednoczesng analize¢ szerokiego spektrum metabolitow, nalezgcych
do réznych klas w ztozonych prébkach biologicznych takich jak kat, mocz czy krew®. Kat
jest materialem biologicznym czgsto wykorzystywanym do badan nad GM
oraz rozwojem T2DM'?, poniewaz jego sktad moze bezposrednio odzwierciedla¢ stan
mikrobiomu jelitowego, a takze calego ukladu pokarmowego'’. Jednak w wielu
badaniach poswieconych GM oraz MDMs materiatami wykorzystywanymi do badan
byta surowica i 0socze®*81128  Stezenie MDMs moze byé nizsze w krwiobiegu niz
w kale®, mimo to zwiazki te moga odgrywaé wazna role w modulowaniu metabolizmu
organizmu gospodarza, a takze mogg Swiadczy¢ o pojawieniu si¢ poczatkowych zaburzen
metabolicznych prowadzacych do rozwoju T2DM®. W zwiazku z powyzszym
uzasadnione bylo opracowanie kompleksowej i wydajnej metody przygotowania probek

0socza oraz surowicy do pomiaru MDMs. W oparciu o dostepne doniesienia literaturowe

62



jako platforme analityczng odpowiednia do wykonywania tego typu analiz wybrano
GC-MS™¥. Przeglad literatury pokazal, ze do badan z wykorzystaniem GC-MS
stosowanych moze by¢ wiele réznych protokotdéw przygotowania probek osocza
czy surowicy094113121123124129 © protokoty te réznia si¢ rodzajem stosowanych
rozpuszczalnikow lub warunkéw inkubacji oraz odczynnikdw uzytych na etapie
derywatyzacji. Pomimo duzego zrdéznicowania sposobdéw przygotowania probek
do badan metabolomicznych, do tej pory ukazato si¢ niewiele prac optymalizacyjnych

101130134\ réznych rodzajach probek.

porownujacych wyzej wspomniane zmienne
Dlatego tez wybrano najczesciej uzywane rozpuszczalniki i warunki na etapie
derywatyzacji, a nastepnie zoptymalizowano protokdt przygotowania probek 0socza
I surowicy oceniajac powtarzalno$¢, odtwarzalno$¢ oraz intensywno$¢ sygnatlu

wybranych MDMs.

7.1. Dobor rozpuszczalnikow do ekstrakeji

Powszechnie wiadomo, ze W procesie analitycznym istotne znaczenie ma
rozpuszczalnik uzyty do ekstrakcji analitow. Rodzaj rozpuszczalnika wplywa
na efektywnos¢ procesu ekstrakcji tj. liczbe, rodzaj i intensywnos¢ sygnatu uzyskanego

dla metabolitow wyekstrahowanych z probkil?

. Przygotowanie probek do analiz
metabolomicznych najczesciej obejmuje jednoczesne stracenie biatek i ekstrakcje
metabolitow przy uzyciu rozpuszczalnika dodawanego do probki w stosunku
objetosciowym 1:3 badz 1:4. Zazwyczaj dodawany jest zimny rozpuszczalnik,
aby zminimalizowac¢ stopien konwersji enzymatycznej metabolitow oraz celem poprawy
efektywnosci wytracania biatek™®. Dlatego w pierwszym etapie badan przetestowano
najczesciej stosowane rozpuszczalniki do ekstrakcji metabolitow. Posrod niewielu prac
porownujacych wpltyw réznego rodzaju rozpuszczalnikow na ekstrakcje metabolitow

z probek osocza oraz surowicy!04107.135.136

, W zadnej z nich nie porownywano warunkow
ekstrakcji w kontekscie tak duzej liczcby MDMs. W jednej z prac poréwnano siedem
réznych rozpuszczalnikow do ekstrakcji metabolitow, ale dla metabolomiki opartej
na LC-MS. Najlepsza powtarzalnos¢ wynikow uzyskano stosujac do ekstrakcji
MeOH:EtOH lub MeOH™. W badaniach stanowigcych podstawe niniejszej pracy
najlepsze rezultaty zaobserwowano rowniez dla MeOH, ale z dodatkiem H>O w stosunku
objetosciowym 9:1. W badaniu przedstawionym przez Trygg i wspot.1® pokazano,
ze wykorzystanie mieszaniny MeOH:H20 (v/v; 8:1) do ekstrakcji dziesi¢ciu metabolitow

Z probek osocza celem analizy na GC-MS zapewniato optymalne wyniki pod wzgledem
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kompletnosci, wydajnos$ci i powtarzalnosci procesu ekstrakcji w pordwnaniu z innymi
badanymi rozpuszczalnikami (EtOH, ACN, aceton, chloroform). Obserwacje te sg
zgodne z wynikami przedstawionymi w niniejszej rozprawie. W innym badaniu
sprawdzano wpltyw podstawowych rozpuszczalnikow (aceton, ACN, EtOH, MeOH
I H20) i wykazano, ze ekstrakcja MeOH z dodatkiem wody pozytywnie wptywa
na ekstrakcj¢ metabolitow polarnych dzigki czemu intensywno$¢ pikow rejestrowanych

dla tej grupy zwiazkow byta wyzszal?’.

7.2. Optymalizacja warunkow podczas dwustopniowej derywatyzacji

Dane literaturowe®213013  wskazuja, ze wiele parametrow, ktore moga byé
modyfikowane na obu etapach derywatyzacji (MeOx i sililacja) metabolitow przed
analiza GC-MS ma wplyw na szybko$¢ i1 kompletno$¢ tego procesu, co moze
bezposrednio wptywa¢ na powtarzalno$¢ i odtwarzalno$¢ pomiaréw. Dodatkowo,
ze wzgledu na degradacje analitow, trudno jest uzyskaé¢ dobra powtarzalno$¢ wynikow
podczas derywatyzacji wykonywanej w sposob manualny, poniewaz czas miedzy
zakonczeniem procesu derywatyzacji, a analiza GC rézni si¢ w zaleznoSci
od analizowanej probki**°. Pomimo tego podejmowane byty proby ulepszenia procedury
przygotowania préobek do badan metabolomicznych przy uzyciu GC-MS102130134
Natomiast w zadnej z tych prac nie przedstawiono doktadnie zoptymalizowanej metody,
uwzgledniajacej wplyw szeregu parametrow na profilowanie tak duzej liczby
metabolitow W probkach osocza i surowicy. Wyniki kompleksowej optymalizacji zostaty
przedstawione w publikacji nr 2 bedacej czescia niniejszej rozprawy. W badaniach tych
przeprowadzono bezposrednie poréwnanie wpltywu roéznych zmiennych na proces

derywatyzacji 75 MDMs w obu matrycach.

7.2.1. Wplyw stezenia oraz objetosci odczynnika do metoksymacji

W celu poprawy efektywnosci detekcji metabolitow W procesie przygotowania probek
wybrano dwustopniowa derywatyzacje tj. MeOx przy uzyciu chlorowodorku
O-metoksyaminy w pirydynie oraz sililacje. Na podstawie dokonanego przegladu
literatury zauwazono, ze w wigkszo$ci opisanych protokolow przygotowania probek
osocza lub surowicy po osuszeniu ekstraktu w koncentratorze prézniowym, na etapie
MeOx dodawano 50-125 ul chlorowodorku O-metoksyaminy o stezeniu 15-40
mg/m|?%7:30:42,108,124,137 AW zadnym z wezesniejszych doniesien

literaturowych102108.124.130134138 = je  przedstawiono informacji dotyczacych wptywu
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stezenia odczynnika do MeOx na proces derywatyzacji. Zgodnie z danymi literaturowymi
najczesciej stosowane stgzenie odczynnika do MeOx to 20 mg/ml. W badaniach
przedstawionych przez Eylem i wspétr%” stwierdzono silng korelacje miedzy
intensywno$cig sygnatu, a stezeniem odczynnika do MeOx, natomiast nie przedstawiono
szczegotow. Do optymalizacji autorzy zastosowali st¢zenie 30 mg/ml, chociaz objetosé
MeOx byta inna niz ta wybrana przez nas. W badaniach bgdacych czescig niniejszej
rozprawy, ze wzgledu na lepszg powtarzalno$¢ wynikow dla obu matryc oraz stosunkowo
duza intensywnos¢ sygnatu dla wigkszosci badanych metabolitow, wybrano stezenie
30 mg/ml. W badaniu przedstawionym przez Fritsche—-Guenter i wspott®
zoptymalizowana metoda przygotowania probek byla w peilni zautomatyzowana,
a analiza otrzymanych wynikéw potwierdzita, Ze intensywno$ci metabolitéw zmniejszaty

si¢ wraz ze wzrostem stezenia odczynnika do MeOx.

Na etapie optymalizacji objetosci roztworu chlorowodorku O-metoksyaminy HCI
w pirydynie objeto$¢ odczynnika dodawanego na etapie sililacji byta taka sama jak
objetos¢ odczynnika do MeOx. Takie podejscie jest stosowane w wielu badaniach
metabolomicznych probek osocza czy surowicy technika GC-MS'21% W innych
badaniach wykazano, ze wydajng derywatyzacje mozna uzyskac¢ poprzez zmniejszenie
ilosci MeOx i zwigkszenie ilosci odczynnika do sililacji®, ale ta zaleznos¢ nie byta przez
nas sprawdzana. W innej pracy optymalizacyjnej**°, w ktérej poréwnywano wyniki
uzyskane przy uzyciu réoznych objetosci roztworu O—metoksyaminy HCI w pirydynie
1 MSTFA z 1% TMCS okazalo si¢, ze powierzchnie pikow analizowanych metabolitow
wzrastaly wraz ze wzrostem objetosci obu odczynnikéw uzytych do derywatyzacji,
co jest zgodne z naszymi wynikami (praca nr 2 wchodzaca w sktad rozprawy). W badaniu
przeprowadzonym przez Bekele i wspot.2%! zaobserwowano podobny zwigzek miedzy
objetoscig dodawanych odczynnikow do derywatyzacji, a wzrostem liczby

oraz intensywnosci wykrytych metabolitow.

7.2.2. Wplyw temperatury oraz czasu na proces derywatyzacji

Kompletno$¢ procesow MeOx oraz sililacji zalezy od czasu i temperatury inkubacji**°.
W pracach optymalizacyjnych duzo uwagi poswieca si¢ wplywie tych parametrow
na efektywnos¢ procesu derywatyzacji %', Najczeiciej stosowane warunki MeOx
obejmujg reakcje w wysokiej temperaturze przez krotki czas lub w niskiej temperaturze
przez dtuzszy czas. Proces inkubacji prowadzony w wyzszej temperaturze i przez dtuzszy

czas moze zapewnia¢ zakonczenie MeOx, jednak moze to rowniez skutkowaé
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postepujaca degradacja niestabilnych termicznie metabolitow!®. W celu poprawy jakosci
analiz metabolitow i ich odtwarzalnosci, jednoczesnie minimalizujac degradacje
chemiczng i fizyczna, nieuniknione sg kompromisy. Tym bardziej, ze wyniki uzyskane
w testowanych warunkach temperaturowych rdznig si¢ dla kazdego metabolitu, chociaz
w zakresie roznych klas zauwazono pewne trendy. Uwaza si¢, ze wyzsza temperatura
MeOx zwigksza wydajno$¢ derywatyzacji poprzez zwigkszenie rozpuszczalno$ci
metabolitow. Bekele i wspot.19 stwierdzili, ze warunki niskotemperaturowe w krotkim
czasie byly najkorzystniejsze dla OrgA i AAs, podczas gdy niska temperatura MeOx
przez dhuzszy czas lub wysoka temperatura przez krotki czas byla najkorzystniejsza
dla a—ketokwasow. Wedlug Miyagawa i Bamba®* disacharydy nie s3 w pei
metoksymowane w temperaturze 37°C przez 30 minut. Skutkuje to znacznym
poszerzeniem pikéw spowodowanym obecnoscia wielu pochodnych, co rowniez
zaobserwowano na etapie optymalizacji metody w badaniach opisywanych w niniejszej
rozprawie. W innym badaniu zaobserwowano, ze metabolity takie jak glukoza
czy fruktoza (Fruc) sa czesciowo metoksymowane w 30°C przez 45 minut, a sacharoza
ulega hydrolizie do glukozy i Fruc w 100°C, gdy proces trwa dluzej niz 45 minut™.
Wyniki MeOx w 37°C przez minimum 60 minut okazaty si¢ lepsze pod wzgledem
wykrywania glukozy i maltozy'®. Sterole sa czesto derywatyzowane w temperaturze
60-100°C, ale w innym badaniu zaobserwowano degradacje tych metabolitow
w temperaturze 70°C'®, Powtarzalno$¢ byta lepsza dla wszystkich klas, gdy inkubacje
wykonywano w temperaturze 60°C przez 30 minut. Wedtug Pasikanti i wspoh.t32
inkubacja na etapie MeOx musi by¢ wykonywana przez stosunkowo dhugi czas
(do 17 godzin) w niskiej temperaturze i/lub w wysokiej temperaturze przez krotki czas,
aby zapewni¢ calkowita derywatyzacje, ale wyniki te dotyczyly analiz probek moczu.
Podobne wnioski zostaty opisane w badaniu przedstawionym przez Musharraf

i wspot.133, co jest zgodne z wynikami przedstawionymi w niniejszej pracy.

Na koniec poréwnano warunki dla ostatniego etapu przygotowania probek — sililacji.
Jest to klasyczna metoda derywatyzacji stosowana w celu wprowadzenia grupy sililowej
do metabolitu poprzez zastgpienie aktywnych atomow wodoru (grup karboksylowych,
aminowych i hydroksylowych) w celu wytworzenia stabilnych, bardziej lotnych i mnigj
polarnych metabolitow. Do derywatyzacji endogennych metabolitow stosowanych
jest kilka odczynnikow. Jak juz zostalo wspomniane we wstepie niniejszej rozprawy,

najpopularniejsze odczynniki do sililacji to MSTFA i BSTFA, z katalizatorem
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(1% TMCS) lub bez. W przypadku probek osocza, MSTFA z 1% TMCS zapewnia
bardziej powtarzalne wyniki i umozliwia wykrycie wigkszej liczby metabolitow
w porownaniu do BSTFA z 1% TMCS!%. Doniesienia literaturowe wskazuja rowniez,
ze MSTFA jest lepszy od BSTFA pod wzgledem kompletnosci sililowania metabolitow
nalezacych do AAs i amin®. W innym badaniu potwierdzono, ze MSTFA z 1% TMCS
zapewnia bardziej powtarzalne wyniki oraz umozliwia identyfikacje w probkach osocza
wickszej liczby pochodnych niz w przypadku zastosowania BSTFA z 1% TMCS.
W zwigzku z powyzszym nie sprawdzano wptywu obu tych odczynnikow na efektywnos¢
procesu sililacji i wybrano MSTFA z 1% TMCS.

Podobnie jak na pierwszym etapie, temperatura i czas podczas sililacji wptywaja
na szybko$§¢ reakcji i kompletnos¢ procesu. Zaobserwowano wiele zmian
w intensywnosciach pikow metabolitow w réznych matrycach biologicznych dla r6znego
czasu i temperatury sililacji’®”. Zgodnie z doniesieniami literaturowymi sililacje
najczesciej przeprowadza sie w temperaturze od 30 do 70°C, w czasie od 30 do 120
minut8494102140 \w hadaniach opisanych w publikacji nr 2 bedacej czescia niniejszej
rozprawy testowano najczgsciej stosowane warunki na tym etapie (37°C i 70°C przez
odpowiednio 30 i 60 minut). Dtugotrwata i wysokotemperaturowa sililacja byta korzystna
dla metabolitow nalezacych do FAs i CARBs. Z drugiej strony, warunki te miaty znikomy
wplyw na OrgA i AAs. Trudno jest dostosowa¢ dogodne warunki, w ktorych wszystkie
grupy funkcyjne bylyby przeksztalcone w pochodne bez jakichkolwiek strat. Dzieje si¢
tak dlatego, ze kinetyka reakcji rozni si¢ miedzy konkretnymi grupami zwiazkow
posiadajacymi rézne grupy funkcyjne. Idealnym bytoby, gdyby sililacja kazdej grupy
metabolitow zostata ukonczona w odpowiednim dla danej grupy czasie, co jest
niemozliwe przy kompleksowych analizach zlozonych probek biologicznych.
Wyzwaniem pozostaje zatem =zakonczenie reakcji bez efektu degradacji czesci
metabolitow. Wykazano, ze metabolity zawierajace grupy hydroksylowe, karboksylowe
I ketonowe ulegaja derywatyzacji w ciagu pigciu godzin od dodania odczynnika
do sililacji, podczas gdy derywatyzacja grup aminowych nadal zachodzi po jednym dniu,

kiedy inne produkty zaczynaja juz degradowaé*.

W badaniach Danielsson i wspét.24? zostato potwierdzone, ze do zakonczenia procesu
derywatyzacji potrzebny jest dlugi czas inkubacji. W naszych badaniach (publikacja 2
z cyklu) zastosowano 16 godzin inkubacji w temperaturze pokojowej dla MeOx

oraz jedng godzing w temperaturze 70°C dla sililacji. W wielu artykutach zostato
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podkreslone, ze dluzsza MeOx w niskiej temperaturze w polaczeniu z wysoka
temperaturg sililacji daje podobne wyniki do krotkotrwatej MeOx w wysokiej

101" co jest zgodne z uzyskanymi

temperaturze w potaczeniu z niska temperaturg sililacji
przez nas wynikami. Musharraf i wspot. 13 potwierdzili, ze najlepsze wyniki pod
wzgledem liczby wykrywanych metabolitow otrzymano dla MeOx przez 16 godzin

I jednogodzinnej sililacji.
7.3. Dysbioza jelitowa, a rozwaéj cukrzycy typu 2

Dyshioza jelitowa moze by¢ kluczowym elementem rozwoju i progresji T2DM®®. Duze
badanie kohortowe wykazato réznice w sktadzie GM pomig¢dzy osobami z prawidlowa
tolerancja glukozy, nieprawidlowa glikemig na czczo, nieprawidtowa tolerancja glukozy
i T2DM2, Dowodzi to, ze GM odgrywa wazng role w rozwoju T2DM poprzez regulacje

143, W innym badaniu przedstawiono zalezno$¢

ogolnoustrojowej insulinowrazliwos$ci
pomiedzy GM a T2DM. Liczebnos¢ bakterii z rodzaju Clostridium i Firmicutes byta
znacznie obnizona u pacjentow z T2DM, podczas gdy ilos¢ bakterii z klasy
Betaproteobacteria byta znacznie podwyzszona i dodatnio skorelowana z poziomem
glukozy w o0soczu®. Wykazano takze, ze GM poprzez SCFAs i ich wigzanie z FFAR2
wptywa na produkcje kluczowych czasteczek sygnalowych insuliny, takich jak GLP-1
i PYY, majacych korzystne dziatanie zmniejszajace oporno§¢ na insuling
i funkcjonalno$¢ komérek A4, Dowiedziono, ze u pacjentéw z potwierdzong T2DM
(w porownaniu do grupy kontrolnej) wzrasta liczba czterech gatunkéw Lactobacillus
w jelitach, podczas gdy liczebnos¢ pieciu gatunkéw Clostridium obniza sig®”. W tym
samym badaniu wykazano, ze dysbioza GM wplywa na poziom metabolitow
w krwiobiegu i przyczynia si¢ do rozwoju T2DM. Ponadto potwierdzono, ze liczba
komorek bakteryjnych Lactobacillus byta dodatnio skorelowana z FG i HbAlc, natomiast
Clostridium byla ujemnie skorelowana z HbAlc, FG, peptydem C, insuling
i triacyloglicerolami oraz dodatnio skorelowana z HDL i adiponektyng!*. Powyzsze
doniesienia wskazuja, ze dysbioza jelitowa powiazana jest z rozwojem T2DM, a zmiany
w profilu bakterii jelitowych wplywaja na sktad zwigzkéw drobnoczasteczkowych
obserwowanych w krwioobiegu. Analiza probek klinicznych pozwolita na oceng zmian
w poziomie MDMs w konteks$cie rozwoju T2DM i wptywu positkow o réoznym skladzie
na zmiany w profilu metabolitoéw u 0sob z predyspozycja genetyczna do rozwoju T2DM.
Ponizej przedstawiona zostala interpretacja uzyskanych wynikow badan z podziatem

na rézne klasy MDMs.
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7.3.1. Wplyw metabolitow z grupy weglowodan6w na rozwdj cukrzycy typu 2

GM maja korzystny wptyw na organizm poprzez produkcje SCFAs pochodzacych
z fermentacji CARBS, a niewystarczajaca produkcja SCFAs jest zwigzana z T2DM.
Bakterie jelitowe sg roéwniez odpowiedzialne za rozktad niestrawionych przez enzymy
CARBs do cukréw prostych i SCFAs. W pracy nr 3 wchodzacej w sktad cyklu publikacji
zbadano wptyw positku WW oraz NW na profil osocza osob z allelem ryzyka rozwoju
T2DM w genie PROX1 (rs340874) oraz osob z allelem ochronnym (grupa kontrolna).
Po positku WW zaobserwowano znacznie wyzszy poziom galaktozy (Gal), Fruc

i galaktozaminy u 0sob z grupy ryzyka w poréwnaniu do osob z grupy kontrolnej.

Zaburzenia popositkowego metabolizmu Gal moga prowadzi¢ do dlugotrwatego,
stopniowego wzrostu poziomu glukozy w 0soczu i przyczyniaé sie do rozwoju IR,
Badania na ludziach wykazatly, ze oprocz Gal, takze Fruc moze negatywnie wptywac
na homeostaze glukozy we krwi. Fruc wywotuje stres oksydacyjny w mitochondriach
1 sttuszczenie watroby prowadzac do IR, wptywa tez na adipocyty, komorki srodbtonka
naczyn i komorki wysp trzustkowych, a efekty tego dziatania moga powadzi¢ takze
do rozwoju IR¥. Fruc po spozyciu moze ulec utlenieniu, zostaé przeksztalcona
w glukoze¢ lub kwas mlekowy czy tez wejs¢ w lipogeneze de novo. Po spozyciu duzych
ilosci Fruc podwyzszony poziom watrobowego acetylo—-CoA prowadzi do zwigkszonej
produkcji lipoprotein o bardzo matej gestosci i triacylogliceroli, ktére sa zwigzane
z rozwojem T2DM. Ponadto sugeruje si¢, ze galakozamina moze by¢ predyktorem
przysztego rozwoju T2DM¥, chociaz brakuje doktadnych danych dotyczacych
zaleznoéci pomiedzy tym metabolitem a IR lub wydzielaniem insuliny!®, W badaniu
przeprowadzonym przez Connelly i wspot. stwierdzono rowniez, ze potrzebne sg dalsze
badania w celu ulepszania modeli predykcyjnych dla T2DM, wykorzystujacych wlasnie

galaktozaming®,

7.3.2. Wplyw metabolitéow z grupy kwaséw tluszczowych na rozwoj cukrzycy typu 2

Metabolizm CARBs i tluszczow sa ze soba $cisle powiazane’. FFAs w osoczu moga
by¢ syntetyzowane endogennie z nadmiaru CARBS w procesie lipogenezy de novo.
Ten proces jest stymulowany przez insuling we krwi i hamowany przez wysoki poziom
hormonoéw takich jak adrenalina i glukagon. FAS zaangazowane w ten szlak, zostaly

opisane jako przyczynai konsekwencja rozwoju T2DM 215315 popadto dobrze
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wiadomo, ze T2DM i zaburzenia lipidowe (z udziatem FFAs)’ sa ze sobg Scisle

powiazane.

Zmiany w skladzie GM mogg takze mie¢ wplyw na poziom lipidow i FAs
w krwiobiegu. Zaburzony metabolizm lipidow moze wywotywaé zmiany w §rodowisku
jelitowym, ktére moga prowadzi¢ do dysbiozy GM™. GM moze zmieniaé strukture
nabtonka pokrywajgcego jelita oraz szczelnos¢ jelita, regulowaé metabolizm cholesterolu
W watrobie oraz magazynowanie lipidow w tkance tluszczowej, a takze pobudzac
utlenianie lipidow w mig$niach, wplywajac w ten sposdb na réwnowage metaboliczng
lipidow™®’. Dane przedstawione przez Org i wspét. wykazaty, ze stezenie zardwno
nienasyconych, jak i nasyconych FAs w surowicy oraz osoczu na czczo jest silnie
zwigzane ze zwigkszong liczebnoscig komorek bakteryjnych w GM z rodzajow takich jak

Blautia i Dorea oraz zmniejszong liczebnoécig Coprococcus i Peptococcaceae®.

Ponadto, w wielu badaniach metabolomicznych potwierdzone zostalo znaczenie FAs
w profilaktyce wystagpienia T2DM. Wyniki naszych badan wykazaty istotne statystycznie
zmiany w poziomie FAs (kwas oleinowy (z ang. oleic acid, OA), SA, PA). Uposledzenie
wydzielenia insuliny, wrazliwo$ci na insuling czy nietolerancja glukozy sa bardzo
wyraznie zwigzane z podwyzszonym poziomem nasyconych FAs w osoczu czy surowicy
(w tym PA czy SA)*1%8, Potwierdzono, ze poziomy tych FAs byly istotnie wyzsze

zarobwno u nowo zdiagnozowanych*'*°

, jak 1 dlugoterminowo monitorowanych
pacjentow z T2DM™, co jest zgodne z wynikami przedstawionymi w niniejszej pracy.
Podwyzszony poziom PA w osoczu moze przyczynia¢ si¢ do hiperinsulinemii,
aw konsekwencji prowadzi¢ do rozwoju IR. Dodatkowo, IR moze by¢ indukowana przez
wzrost st¢zenia FAs w krwiobiegu, ktore hamujg transport glukozy oraz zmniejszaja
regulacje syntezy glikogenu i utlenianie glukozy w mig$niach. Sposrod wszystkich
metabolitow uwzglednionych do analizy ROC w publikacji nr 2 — SA wykazywat
najwyzsza warto$¢ AUC (0.995). Villas—Boas i wspot.l® wykazali, iz zwiekszenie
poziomu SA w surowicy odgrywa fundamentalng role w rozwoju dysfunkcji komorek 3
I rozwoju T2DM, poniewaz kwas ten jest gldwnym czynnikiem przyczyniajacym si¢
do lipotoksycznosci w komorkach f. W innych badaniach zmiany w poziomie FAs

zostalty potwierdzone jako najwazniejsze czynniki prowadzace do rozwoju

insulinoopornosci i T2DM 9160,
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Utlenianie lipidéw moze by¢ przyczyna wzrostu poziomu o—HB. W obu badaniach
stanowigcych przedmiot niniejszej rozprawy wykazano podwyzszony poziom tego
metabolitu u pacjentow ze zdiagnozowang T2DM oraz po positku WW u o0sob
obarczonych polimorfizmem pojedynczego nukleotydu w genie PROX1. Wysoki poziom
o—HB jest powszechny dla T2DM i zostal wczesniej zidentyfikowany jako predyktor
T2DM®"161163 'Wkazanie metabolitow predykcyjnych rowniez w przypadku wynikoéw
umieszczonych w publikacji nr 3 z cyklu byto istotne dlatego, Ze U cz¢s$ci 0sdb z grupy
nosicieli alleli ryzyka w rs340874 PROX1 zaobserwowano pogorszenie wybranych
parametrow klinicznych po pigciu latach od pierwszej wizyty (np. glikemia na czczo,
HOMA-IR czy HbAlc). Dodatkowe potwierdzenie podwyzszonego poziomu o—HBA
w tej grupie badanej moze wskazywac na wczesny rozwdj T2DM. a—HBA jest produktem
ubocznym syntezy kwasu a—ketomastowego, produktem katabolizmu AA (Thr i Met)
i anabolizmu glutationu (szlak powstawania cysteiny) w watrobie'®. Trico i wspot.1%
wykazali, ze przyczyng podwyzszonego poziomu oa—HBA moze by¢ przecigzenie

metaboliczne (przez BCAAs i wolne FAS) jak rowniez stres oksydacyjny.

7.3.3. Wplyw metabolitow z grupy aminokwasow na rozwaéj cukrzycy typu 2

Mikroflora jelitowa moze utatwia¢ produkcj¢ metabolitow nalezacych do grupy AAs
na dwa sposoby. Po pierwsze, gatunki zamieszkujace mikroflore jelitowa wykorzystuja
AAs z pozywienia lub od zywiciela jako elementy do syntezy biatek, a dodatkowo AAs
w okreznicy moga potencjalnie dziata¢ jako substraty do produkcji SCFAs®"921%_Liczne
AAs wykorzystywane przez bakterie beztlenowe mogg by¢ metabolizowane do octanu
i aminokwaséw, w tym Gly, Thr, Glu i Orn®’, podczas gdy Thr, Lys i Glu moga by¢
wykorzystywane do syntezy maslanu, a w innym badaniu potwierdzono, Ze propionian

jest syntetyzowany gtéwnie z Thr®’.

GM moze syntetyzowa¢ de novo kilka niezbednych aminokwasow, co jest
potencjalnym czynnikiem regulujacym homeostaze aminokwasow®. W szczegdlnosci
znajdujace sie w jelicie grubym bakterie z rodzaju Clostridium (bakterie wykorzystujace
Lys lub Pro) sa kluczowym czynnikiem napgdzajacym proces fermentacji AAS, podczas
gdy bakterie z rodzaju Peptostreptococcus sa odpowiedzialne za wykorzystywanie Glu
lub Trp%. Bakterie z rodzajow Fusobacterium, Bacteroides i Veillonella oraz gatunki
Megasphaera elsdenii i Selenomonas ruminantium mogg odgrywac znaczacg role

w metabolizmie AAs w jelicie grubym?°.
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W kontekscie analizy probek krwi niezwykle istotny jest fakt, ze AAs wyprodukowane
przez GM mogg by¢ wchtaniane w jelitach i akumulowane we krwi. W ten sposéb GM
moze wplywaé na poziomy tej grupy metabolitow we krwi'® ktore odgrywaja wazng
role¢ w wielu procesach patofizjologicznych, a zaburzenia metabolizmu AAs sg $cisle
zwigzane z patogenezag T2DM!®®. Wykazano, ze niektére AAs, zwlaszcza BCAAs
i AAAs, wigza sie ze zwickszonym ryzykiem rozwoju T2DM®*21%°  Potwierdzono,
ze metabolity te sg przydatnymi predyktorami rozwoju T2DM, poniewaz ich poziomy
sg znacznie podwyzszone w stanie przedcukrzycowym 1 rosng podczas progresji
choroby!”. Badanie Framingham Offspring Study wykazalo, ze na podstawie
podwyzszonego poziomu AAs mozna byto przewidzie¢ zwigkszone ryzyko rozwinigcia

si¢ T2DM nawet do 12 lat przed wystapieniem choroby®.

W publikacji nr 3, stanowigcej cze$¢ niniejszej rozprawy, u pacjentow z predyspozycija
genetyczng do rozwoju T2DM zaobserwowano wyzszy poziom Ala i norleucyny
W 0s0czu po positku NW, natomiast po positku WW podwyzszony poziom His. Ala jest
metabolitem syntetyzowanym z pirogronianu i AAs (glownie BCAAs) w mig$niach
szkieletowych oraz w jelitach, ktora jest wykorzystywana w procesie glukoneogenezy

11 Dlatego tez popositkowy wzrost Ala w osoczu moze zwiekszaé

w watrobie
glukoneogenez¢ 1 moze przyczynia¢é si¢ do rozwoju hiperglikemii u o0séb
z predyspozycjami genetycznymi. Pederseni wspot.}4 zasugerowali, ze GM moze byé
waznym zrodlem zwigkszonej 1ilosci BCAAs 1 odgrywaé¢ kluczowa role
w insulinoopornosci, co zostalo doktadnie opisane we wstepie niniejszej rozprawy. Jesli
chodzi o BCAAs, w publikacji nr 2 wchodzacej w sktad niniejszej rozprawy
zaobserwowano roéznice w poziomie Leu, ktorej intensywno$¢ byla znacznie wyzsza
u pacjentéw z T2DM niz u tych ze stanem przedcukrzycowym. Wyniki przedstawione
W tej pracy sg zgodne z innymi odkryciami wskazujgcymi na istotny zwigzek BCAAs
(zwlaszcza Leu) z T2DM*#317L172 - podwyzszony poziom BCAAs prowadzi
do akumulacji karnityny w mig$niach, co wywoluje stres oksydacyjny i dysfunkcje
mitochondriéw, a tym samym pogarsza wrazliwo$¢ na insuling'’2. Jak juz wykazano'”3,
nizszy poziom Cre w surowicy, moze odzwierciedla¢c mniejsza ilo$¢ migsni
szkieletowych, a tym samym mniej miejsc docelowych dla insuliny, co moze czg$ciow0
wyjasnia¢ patogenez¢ T2DM zwigzang z nizszym poziomem Cre w surowicy. W grupie
pacjentow z potwierdzong T2DM zaobserwowano obnizony poziom Cre w porownaniu

do 0s6b ze stanem przedcukrzycowym. W badaniu przedstawionym przez Agus wspot. 1%

72



w okr¢znicy czlowieka zidentyfikowano bakterie i grzyby zdolne do rozktadu Cre.
W zwigzku z tym doktadne oznaczenie tych MDMs moze mie¢ zasadnicze znaczenie

dla wczesnej diagnozy T2DM.

Woeczesniejsze badania sugerowaty, ze kilka metabolitow szlaku kynureninowego
jest diabetogennych dla ludzi, co jest bezposrednio lub posrednio kontrolowane
przez GMY“. Sciezka kynureniny, zaangazowana w metabolizm Trp, byta wcze$niej
obserwowana jako wazna w kontekscie rozwoju T2DM. Wykazano, ze enzym
odpowiedzialny za konwersje Trp do kynureniny jest regulowany przez GM? .
W badaniu stanowigcym cz¢$¢ niniejszej rozprawy zaobserwowano statystycznie istotne
zmiany dla Trp u pacjentow w stanie przedcukrzycowym w poréwnaniu z T2DM. Jedng
z kluczowych funkcji fizjologicznych Trp jest wykorzystanie go jako zrodio azotu
dla wzrostu niektorych drobnoustrojow (np. Escherichia coli i Klebsiella pneumoniae),
a zatem zmiana poziomu Trp we krwi ma rowniez zwigzek z mikroflorg jelitowa. Dlatego
zmienno$¢ w poziomie Trp i zwigzanej z nim mikroflory, wraz z innymi wewngetrznymi
I zewnetrznymi czynnikami ryzyka, moze by¢ wczesnym predyktorem T2DM. Trp jest
rowniez prekursorem syntezy serotoniny w blonie §luzowej jelital’>’®. Jak wiemy
serotonina kontroluje uwalnianie insuliny, najwazniejszego hormonu regulujacego
stezenie glukozy we krwil’’. Co ciekawe, w publikacji 2 bedacej czescig niniejszej pracy,
zaobserwowano podwyzszony poziom serotoniny, co moze by¢ zwigzane
ze zwickszonym ryzykiem wystapienia T2DM, a obserwacje te sa zgodne

z wezeéniejszymi doniesieniamit?®,

Org i wspot.® wykazali, ze wyzszy poziom GIn w osoczu byt istotnie zwiazany
z wyzsza liczebno$cig bakterii z rodziny Clostridales. Okazato si¢, ze Glu i GIn
sg powigzane z T2DM. GIn jest transportowana z komorek S do krwi, gdzie jest
gromadzona, a nastepnie przeksztatcana w Glu!’®. Cheng i wspot.® wykazali, ze poziom
Glu, i stosunek GIn/Glu w osoczu jest silnie zwigzany z IR. Stezenie Glu jest rowniez

jednym z najwazniejszych wskaznikoéw retinopatii cukrzycowe;.

W publikacji nr 2 bedacej czescig niniejszej rozprawy przeprowadzono takze analizg
krzywych ROC, aby oceni¢ uzyteczno$¢ statystycznie istotnych metabolitow,
ktére w przysztosci mogltyby usprawni¢ diagnostyke T2DM. Najwigksza zdolnosé
do rozrdzniania 0so6b w stanie przedcukrzycowym od pacjentow z T2DM zaobserwowano
dla kombinacji MDMs tj. Glu, Leu, OA, SA, Trp, Orn i trans-4-hydroksy-L-Pro.
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Ta kombinacja moze stuzy¢ jako potencjalny wskaznik rozwoju T2DM. Doktadnos¢

diagnostyczng tego panelu metabolitow mozna dodatkowo zwigkszy¢, Wwiaczajac

do niego rutynowe parametry diagnostyczne, takie jak np.: FG czy HbAlc.

8.

X/
°

X/
L X4

Whnioski

Na podstawie dokonanego przegladu literatury stwierdzono, ze rozwojowi T2DM
towarzyszg zmiany w poziomie metabolitéw zwigzanych z flora jelitowa, glownie
weglowodanoéw, aminokwasdéw oraz kwasow thuszczowych.

Technika GC-MS pozwala na powtarzalny pomiar w probkach osocza lub surowicy
75 metabolitow zwigzanych z florg jelitowa. W procesie optymalizacji metody
wykazano, ze najlepsze wyniki uzyskuje si¢ przy przygotowaniu probek za pomocg
metanolu z dodatkiem wody. Objetos¢ i stezenie odczynnika do metoksymacji maja
najwigkszy wplyw na powtarzalno$¢ 1 intensywno$¢ badanych metabolitow, podczas
gdy warunki procesu derywatyzacji w najwigkszym stopniu wplywaja
na kompletnos¢ tego procesu.

Wykazano roznice w profilach metabolitow zwigzanych z florg jelitowa pomiedzy
osobami ze stanem przedcukrzycowym oraz ze zdiagnozowang T2DM. Dodatkowo
w oparciu o otrzymane wyniki wykonano analize krzywych ROC dla wybranych
zmiennych i opracowano panel siedmiu metabolitow, ktoéry pozwoli odrdézni¢ stan
przedcukrzycowy od T2DM laczac je z innymi rutynowymi parametrami
diagnostycznymi, takimi jak FP lub HbAlc.

Oba testy prowokacyjne (WW, NW) wywotaly zmiany w poziomie MDMs
u pacjentow majacych predyspozycje genetyczne do rozwoju T2DM, w genie
PROX1. Réznice te moga by¢ zrédlem wezesnych zaburzen sktadu GM, zwigzanych

z przysztym rozwojem T2DM .
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involved in the development of metabolic disorders, such as obesity and type 2 diabetes mellitus (T2DM).
The current state of knowledge regarding the composition of GM and GM-related metabolites in rela-
tion to the progress and development of obesity and T2DM is presented in this review. To understand
the relationships between GM-related metabolites and the development of metabolic disorders, their

g‘g"‘“’gds' accurate qualitative and quantitative measurement in biological samples is needed. Feces represent a
LC-MS valuable biological matrix which composition may reflect the health status of the lower gastrointestinal
Derivatization tract and the whole organism. Mass spectrometry (MS), mainly in combination with gas chromatog-
Microbiota raphy (GC) or liquid chromatography (LC), is commonly used to measure fecal metabolites. However,
Obesity profiling metabolites in such a complex matrix as feces is challenging from both analytical chemistry and
Diabetes biochemistry standpoints. Chemical derivatization is one of the most effective methods used to overcome
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these problems. In this review, we provide a comprehensive summary of the derivatization methods
of GM-related metabolites prior to GC-MS or LC-MS analysis, which have been published in the last
five years (2015-2020). Additionally, analytical methods used for the analysis of GM-related metabolites
without the derivatization step are also presented.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Human gastrointestinal microbiota, also known as gut flora (GF)
or gut microbiota (GM), are a large population of microorganisms
that live in the gastrointestinal tract (GI) of humans [1]. The human
GM has a total mass of 1.5 kg [2] and consists of more than 1000
bacteria from more than 400 different species [2,3]. The human
microbiota is mostly composed of five phyla: Firmicutes, which
account for 60-80 % (of which the most important are Ruminiococ-
cus, Clostridium and Lactobacillus); Bacteroidetes (mainly including
Bacteroides, Prevotella and Xylanibacter) accounting for 20-30 %;
and Actinobacteria, which represents the minority of approximately
10 % (with a predominance of the genus Bifidobacterium); whereas
Proteobacteria, such as Escherichia and Enterobacteriaceae, are even
less commonly found [4]. As a component of the human body that
may directly affect our health or disease status, these microorgan-
isms have been receiving increasing attention in the last decades
[5]. There is an emerging piece of evidence that the disruption of
GM composition and function is assuredly implicated in the patho-
genesis of such metabolic diseases as obesity [6-8] and type 2
diabetes mellitus (T2DM) [9-11]. Taking into account the global
epidemic of obesity and the consequent increase of T2DM preva-
lence, which is estimated to increase up to 54 % by 2030 [12]; it
is crucial to evaluate the relationship between gut microbial con-
tent and the development of metabolic disorders. Recently, several
reports describing the changes in composition of GM [19-24] and
GM-related metabolites [13-15] in association with the progres-
sion of obesity and T2DM have been published. The current state
of knowledge in this area is presented in this review.

As mentioned above, different types of bacteria can be indi-
cators of metabolic diseases [16], but it is also essential to state
that the gut microbiota are responsible for the production or
transformation of endogenous small molecules that regulate host-
microbiota interactions [17]. The list of such molecules includes
short-chain fatty acids SCFAs [18], branched-chain fatty acids
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(BCFAs) [19], amino acids (AAs) [20], branched-chain amino acids
(BCAAs) [21], bile acids (BAs) [22] and others [13]. The transforma-
tion products of these metabolites may be important modulators
of different metabolic pathways playing an outstanding role in the
development of metabolic disorders [23]. Therefore, an accurate
determination of GM-related metabolites in biological samples is
crucial for a better understanding of the systemic effect of GM on
the whole organism [24] as well as to reveal novel molecules that
can improve the diagnosis of various diseases [25]. GM-related
metabolites can be detected in blood samples and may reflect the
changes in gut flora composition and activity evoked by disease
or intervention e.g., bariatric surgery [26,27]. However, to eval-
uate the actual microbial composition and activity in intestines,
feces is the most appropriate sample to study [28]. Feces, due
to its direct contact and transient presence in the colon and rec-
tum, represents a valuable biological matrix that reflects the health
status of the lower gastrointestinal tract and reflects a unique
metabolicinteraction between the host and the symbiotic microbes
[29]. Unfortunately, profiling of metabolites in fecal samples repre-
sents a challenge from both analytical-chemistry and biochemistry
standpoints [2]. The composition of feces is highly dependent on
short-term dietary factors while also representing the primary
specimen where co-metabolism of the host organism and the gut
microbiota is expressed [30]. Therefore, it is crucial to apply a
proper methodology for sample preparation and metabolites anal-
ysis, which will compensate for the highly variable nature of the
sample. Assuring this strategy, useful data will be obtained provid-
ing insight into ongoing biochemical processes [2].

Among the different analytical methods used for the mea-
surement of various biomolecules, mass spectrometry (MS) has
grown in popularity [24,31,32]. It is frequently used in combina-
tion with separation techniques, such as gas chromatography (GC)
[33] or liquid chromatography (LC) [34-36]. While the prepara-
tion of samples for GC-MS analysis requires a transformation of
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Fig. 1. A flow diagram showing the process of selection of the papers to review.

the metabolites into a more volatile form, in the case of LC-MS,
the derivatization of analytes is not usually needed. SCFAs usually
require derivatization before both GC-MS or LC-MS analysis due
to a non-sufficient volatility, excessive tailing, too strong affinity
to the stationary phase and thermal instability [35]. Commonly,
the aim of the derivatization process is different for GC-MS and
LC-MS analysis. In the case of GC-MS, derivatization pursues to
convert the analytes into thermally stable, volatile molecules [37],
whereas, in the case of LC-MS, the goal is to provide the deriva-
tives with better retention and ionization efficiency compared to
the original metabolites [32]. Analytical derivatization is an extra
step of the sample preparation method, during which the struc-
ture of the compounds of interest is modified into a product more
suitable for analysis [35]. An ideal derivatization reaction should
have the following characteristics: (1) it should be robust enough to
resist various and complex matrix composition [38]; (2) the reagent
can selectively react with the specific functional group under mild
conditions and no by-products in the derivatization process are
formed; (3) the reagent is easily synthesized or commercially avail-
able; (4) the residue of the derivatization reagent cannot interfere
with the separation and detection of the derivatives of the analytes
or can be easily removed after the derivatization reaction [36].
Therefore, to overcome these problems, a wide variety of new
[33,37,39-45] or modified [2,19,46-50] methods for derivatiza-
tion of GM-related metabolites have been proposed over the last
years. Published review articles [2,51-54] have already included
many aspects of the analytical protocols applied to determine these
compounds in feces, including sample collection, pre-treatment,
normalization and analysis. To the best of our knowledge, detailed
conditions for fecal metabolites derivatization have not been
reviewed before. In this study, we provide a comprehensive sum-
mary of the methods for derivatization of GM-related metabolites
prior to GC-MS or LC-MS analysis, which have been published
in the last five years (2015-2020). Additionally, the most recent
analytical methods used for the determination of GM-related
metabolites without derivatization are also presented.

2. Methods

Primarily, to collect scientific literature describing dysregula-
tion of gut microbiota composition in relation to the pathogenesis
of obesity and/or type 2 diabetes mellitus (T2DM), PubMed was
searched (the last search was performed on April 10th, 2020). The
phrases “diabetes — gut microbiota” and “obesity—gut microbiota”
were introduced, giving 2590 and 3662 articles for each phrase
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respectively. The obtained hits were examined, and the following
inclusion criteria were used: full journal publication, articles con-
taining data about molecular mechanisms by which gut microbiota
contributes to obesity and diabetes and studies on T2DM treat-
ment by changing the gut composition. Moreover, studies were
excluded if they did not have any abstract available or failed to
mention any correlation between GM composition and metabolic
diseases. While inspecting obtained hits, three main classes of
GM-related metabolites, that have an impact on the two studied
metabolic diseases appeared, i.e., FAs, AAs and BAs. The articles
were re-grouped accordingly, and only articles containing informa-
tion about metabolites from these classes were kept. Subsequently,
additional filtering was performed and only studies in which these
metabolites were correlated with metabolic diseases were kept. A
schematic strategy of this part of the literature search is presented
in Fig. 1 (panel A).

Furthermore, PubMed database was also searched (the last
search was performed on April 10th, 2020) for all studies containing
information about derivatization reagents used for the determi-
nation of GM-related metabolites in fecal samples. To focus only
on the most currently used reagents, we searched only for the
studies published no earlier than the 1st of January 2015. The
phrase “method for detection of fecal metabolites” was searched
in PubMed, limiting the hits to those published after the above-
mentioned date. As a result, 301 records were found. Each of the
records was inspected manually, and papers were divided based on
the analytical technique used to measure metabolites, i.e., GC, LC
or nuclear magnetic resonance (NMR). Papers with the use of NMR
were excluded, as derivatization of metabolites before NMR analy-
sisis not performed. During the articles inspection, we have noticed
that most of the new or modified derivatization methods for the
analysis of GM- and metabolic diseases-related metabolites in fecal
samples concern SCFAs and BCFAs. Therefore, in this review, we
have focused mainly on derivatization reagents used for the deter-
mination of these two groups of metabolites. Finally, 49 research
articles (32 for GCand 17 for LC) remained and are described below.
The schematic strategy of selection of the literature for this part of
the review is presented in Fig. 1 (panel B).

3. Obesogenic and anti-obesogenic gut microbiota

In the last four decades, the global prevalence of obesity has
almost reached 650 million people, a number that is six times
higher than noted in the 1990s [10]. Several studies, both in humans
and in animal models, have shown that the GM contributes to
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the pathogenesis of obesity [6,8,12]. Considering animal studies,
Ridaura et al. [55] in a landmark study, confirmed that healthy
mice transplanted with the microbiota of obese mice become obese
within the next two weeks. In another study, Phylum Firmicutes
(a dominant part of the GM in the human gut [56]) was found
substantially decreased after antibiotic treatment of diet-induced
obese mice. Additionally, improvement of insulin resistance and
amelioration of obesity was also observed [57]. Moya Perez et al.
demonstrated that the administration of a specific Bifidobacterium
strain reduced systemic inflammation and improved metabolic
dysfunction in mice with diet-induced obesity [58]. Treatment of
obese mice with Bifidobacterium MKK4 for eight weeks reduced
body and organ weight, improved levels of serum glucose, triglyc-
eride and cholesterol and regulated gut microbiota dysbiosis [59].
Some of Lactobacillus species were found associated with weight
gain, while most of Lactobacilli have an anti-obesity effect [60].
A meta-analysis revealed that Lactobacillus plantarum promoted
weight loss in animals, and Lactobacillus gasseri promoted weight
loss in both obese humans and animals [61]. Lau et al. conducted
an animal experiment in which Wistar rats became obese after
12-weeks of a high-fat diet (HFD). After the treatment, a lower
level of Bacteroidetes, Prevotella and Lactobacillus was observed in
the gut of these animals [62]. Similar alterations, but in mice, were
also found by Shang et al. [63].

In humans, most of the published studies indicate that a rise
in the Firmicutes| Bacteroidetes ratio is related to an augmented
low-grade inflammatory status and to a more elevated capabil-
ity of harvesting energy from food. It was also confirmed by Zheng
etal.[41] that certain microbial species in the human gut contribute
to weight gain while others contribute to weight loss. For exam-
ple, Blautia, Romboutsia, Ruminococcus, Clostridiumsensu stricto and
Dorea were positively correlated with indicators of bodyweight,
including waistline and body mass index (BMI) and serum lipids
(including low-density lipoprotein, triglyceride, and total choles-
terol) [41]. In contrast, the aforementioned clinical indicators were
negatively associated with Bacteroides, Roseburia, Butyricicoccus,
Alistipes, Parasutterella, Parabacteroides and Clostridium IV. Many
authors reported elevated levels of gram-positive and negative
bacteria: Clostridium spp., Lactobacillus spp., Prevotella spp. and Pro-
teobacteria spp. in overweight individuals [64-66]. Abenavoli et al.
observed a reduced number of Bacteriodetes/Firmicutes ratios in
obese compared to non-obese patients [67]. However, these results
have been contradicted by other studies. Duncan et al. did not
observe any differences in the proportions of Bacteroidetes and
Firmicutes in the feces of lean and obese subjects [68]. Chakraborti
etal. reported that human obesity is linked to a reduced abundance
of intestinal Bacteroidetes, Faecalibacterium and Verrucomicrobia;
and an increased abundance of phylum bacteria: Actinobacteria and
Firmicutes [69].

4. Diabetogenic and anti-diabetogenic gut microbiota

Several research articles [70-72] and the newest reviews
[11,73,74] have reported that GM dysbiosis can be a factor for
the rapid progression of insulin resistance in T2DM cases. It may
reshape intestinal barrier functions and host metabolic and sig-
naling pathways, which are directly or indirectly related to the
insulin resistance in T2DM [75].In 2004, the first evidence was pub-
lished based on the study on germ-free mice, suggesting that gut
microbiota may contribute to the alterations in glucose metabolism
[76]. Recent studies have confirmed that the gut microbiome status
might be a new biomarker for type 2 diabetes prediction [77,78].
Considering animal and human studies, in which consistent results
regarding the differences in bacterial population between diabetic
and control subjects were obtained, it can be concluded that the
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genera of Bifidobacterium, Bacteroides, Faecalibacterium, Akkerman-
sia, and Roseburia are negatively associated, while the families of
Ruminococcus, Fusobacterium and Blautia are positively associated
with T2DM [73].

In addition, pieces of evidence emerging from animal mod-
els show that many of the symptoms associated with diabetes
and insulin resistance may be improved through replenishing
probiotics (Lactobacillus rhamnosus, Lactobacillus acidophilus, and
Bifidobacterium) and butyric acid-producing bacteria, Clostridium
butyricum. Many studies performed on animal models have pre-
sented differences in the abundance of GM components; however,
there is a lack of time-resolved microbial changes during the pro-
gression of diabetes. The exception is the study of Zhou et al. who
monitored changes in the fecal microbiome during the progress
of diabetes from the 8th to the 15th week of age. The fecal
microbiome (Lactobacillus, Turicibacter, Bifidobacterium, Allobacu-
lum, Ruminococcus and Akkermansia) of rats was highly dynamic
and underwent significant changes during the progression of dia-
betes [79].

In humans, Larsen et al. [80] and Karlsson et al. [81] reported
that the presence of type 2 diabetes was accompanied by a lowered
abundance of butyrate-producing microbes Roseburia, Faecalibac-
terium and Eubacterium and an increased abundance of Clostridium
and Lactobacillus. The ratios of Bacteroidetes to Firmicutes and
Bacteroides—Prevotella group to control group correlated positively
and significantly with plasma glucose concentration but not with
BMI. Sedighi et al. have observed that the Lactobacillus, Bifidobac-
terium, Fusobacterium group was significantly more frequent in
healthy individuals compared to T2DM patients, but no signifi-
cant difference was observed in a copy number of Prevotella genus
between diabetic and healthy subjects [9]. Long et al.[14] described
that the level of two phyla (Actinobacteria and Firmicutes) and class
Clostridium was significantly lower in diabetic subjects compared to
the control group. Researchers have also reported a strong correla-
tion between T2DM and a higher level of Lactobacillus, Bacteroides,
Proteobacteria and Prevotella bacteria [9,15,80].

5. Gut microbiota-derived metabolites

As presented above, there is a connection between GM compo-
sition and metabolic diseases. The symbiotic relationship between
the gut microbiota and the host is regulated and stabilized by a
complex network of interactions between them [73]. This crosstalk
can potentially be mediated by microbes-synthesized metabolites
[82]. GM is exclusively responsible for several essential metabolic
functions [83], including SCFAs production [84], AAs synthesis [85],
BAs transformation [86] as well as hydrolysis and fermentation of
non-digestible substrates [18]. In the last few decades, it became
apparent that regulation of the above mentioned metabolic path-
ways may play a key role in the prevention and treatment of
metabolic syndrome [23], bowel disorders [87-89] and certain
types of cancer [90].

5.1. Microbial-derived short-chain fatty acids (SCFAs)

SCFAs are a class of the most-thoroughly studied GM-related
metabolites [91]. They are generated in the colon as the end prod-
ucts of saccharolytic fermentation of complex carbohydrates and
starches by the gut microbiota [92]. These metabolites are defined
as groups of FAs with fewer than six carbons, including formic acid,
acetic acid (AcA), propionic acid (PA), butyric acid (BcA) and valeric
acid (VA). The major gut SCFAs are AcA, PA and BcA, which account
for more than 95 % of all the SCFAs and are found in high concen-
trations in the intestinal tract, ranging from 70 to 140 mM in the
proximal colon and from 20 to 70 mM in the distal colon [93]. Acetic
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acid, after absorption through systemic circulation, reaches periph-
eral tissues where it is used by cells for the synthesis of fatty acids
and cholesterol [18]. This compound is produced by most of the
enteric bacteria such as Lactobacillus, Bifidobacterium, Akkermansia
muciniphila, Bacteroides, Prevotella, Ruminococcus and Streptococcus
[94] via the Wood-Ljungdahl pathway and the acetyl-CoA path-
way [84]. Propionic acid is produced by Akkermansia, Bacteroidetes,
Bifidobacterium, Prevotella and Ruminococcus via succinate, acrylate
and propanediol pathways. It is absorbed through the portal circu-
lation and takes part in gluconeogenesis [69]. Butyric acid mainly
serves as an energy source for colonic epithelium [95] and is pro-
duced by Roseburia spp. Eubacterium rectale, Clostridium leptum,
Eubacterium hallii, Coprococcus eutactus, Faecalibacterium praus-
nitzii, Eubacteriumrectale, Anaerostipes caccae and Coprococcus catus
[84] via the butyryl-CoA: acetate CoA-transferase routes and the
phosphotransbutyrylase/butyrate kinase routes [91].

In literature, many scientific reports describing the association
between SCFAs level and obesity/T2DM development can be found,
below an analysis of the association published between these ele-
ments is shown. However, the obtained results are inconsistent.
Muller at el. reported a positive correlation between fecal SCFAs
concentration and metabolic disease [96]. Contrary, Sato et al.
have reported a negative relationship between SCFAs level and
metabolic disease; in this study, a total concentration of SCFAs
in patients with T2DM was significantly lower than in the con-
trol group [97]. Contrary, Adachi et al. did not find differences
in the total concentration of fecal SCFAs between controls and
T2DM patients. Nevertheless, considering individual SCFAs, T2DM
patients (compared to the control group) had a lower level of fecal
PA, VA and BcA, and a higher level of succinate [98]. Schwiertz
et al. observed that a total concentration of SCFA in fecal samples
of obese volunteers was more than 20 % higher than that of lean
volunteers. The highest increase was observed for PA, followed by
BcA. No considerable differences in the proportions of the iso-SCFA
were observed [99]. According to Rahat-Rozenbloom et al., a higher
fecal concentration of SCFA in obese individuals could be due to
several factors, including lower SCFA colonic absorption, reduced
colonic transit time or increased SCFAs production due to differ-
ences in dietary intake or colonic microbiota [100]. Additionally,
Fernandes et al. consider that it might also be the result of increased
microbial production, shifts in microbial cross-feeding patterns,
low mucosal absorption or even the rate of transit alone [101]. Nev-
ertheless, it is known that changes in concentration and proportion
of individual SCFA are concurrent with changes in bacterial groups.
Rahat-Rozenbloom et al. observed increased AcA and BcA concen-
trations as well as Firmicutes: Bacteroidetes ratio in obese compared
to lean individuals [100]. Fernandes et al. observed significantly
increased levels of PA and VA, and a higher level of Escherichia coli
in lean individuals compared to overweight ones [101].

5.2. Microbial-derived amino acids (AAs)

Several amino acids released by gut bacteria can serve as precur-
sors for the synthesis of SCFAs, contributing to the development of
obesity and other metabolic diseases [102]. Branched-chain fatty
acids, like isobutyrate, 2-methylbutyrate and isovalerate can be
derived from the fermentation of BCAAs [103]. Glycine (Gly), thre-
onine, glutamate and ornithine (Orn) can be metabolized to AcA by
anaerobic bacteria. BcA is primarily synthesized from lysine (Lys),
glutamate and threonine. Threonine can be utilized for PA synthe-
sis [104]. Alanine (Ala), leucine (Leu), isoleucine (lle), valine (Val)
and histidine preferentially serve as hydrogen donors in metabolic
reactions. In contrast, glycine, proline, Orn and arginine tend to act
as hydrogen receptors [105].

The abundance of the AAs-fermenting bacteria in the large
intestine is very high, and their number can reach up to 10'!
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per gram of dry feces [85]. Clostridium bifermentans is the pre-
dominant bacteria for the utilization of lysine or proline [106].
Peptostreptococcus spp. bacteria are predominant for the utiliza-
tion of glutamate or tryptophan (Trp) [107]. Bacteria belonging
to the Clostridium spp. are dominant for AAs fermentation in
the human large intestine. However, other bacterial species,
such as Fusobacterium, Bacteroides, Veillonella, Megasphaera els-
denii and Selenomonas ruminantium, may also be essential for AAs
metabolism in this part of the human GI [108]. According to avail-
able research data, it has been confirmed that GM can de novo
synthesize some of the amino acids in the GI [85]. Arginine can be
produced by Bacteroides thetaiotaomicron and Fusobacterium var-
ium, Trp by Streptococcus spp., Escherichia coli, Enterococcus whereas
tyrosine by Bacillus and Serratia [ 106]. These examples confirm the
irreplaceable position of intestinal microbes in AAs metabolism,
regardless of host nutrition and physiology. They also indicate bidi-
rectional processes between AAs and gut microbes.

Numerous human studies have consistently demonstrated that
concentrations of BCAAs and aromatic amino acids (AAAs) in bio-
logical samples (plasma, fecal and urine) are associated with insulin
resistance, and have the quality to predict diabetes and obe-
sity development [17,109,110]. Oxidation of BCAAs may increase
fatty acid oxidation and also play a role in obesity. Chen et al.
confirmed that serum concentrations of BCAAs (Val, Leu, and
Ile), AAAs (phenylalanine and tyrosine), gluconeogenic AAs (ala-
nine, glutamate, and glutamine) and other AAs (Orn and Lys),
were associated with the risk of T2DM development. High con-
centrations of valine, leucine, isoleucine, phenylalanine, tyrosine,
alanine, glutamate, ornithine and lysine were associated with an
increased risk, while a high concentration of glutamine was asso-
ciated with a decreased risk of T2DM incidence [111]. Leucine,
phenylalanine, glutamine and glutamate may induce pancreatic
B-cell insulin secretion and promote T2DM via hyperinsulinemia;
leading to pancreatic 3-cell exhaustion. Some other mechanisms,
such as stimulation of glucagon release from pancreatic a- cells
and increasing transamination of pyruvate to alanine, a strong
promoter of gluconeogenesis, may explain the potentially unfa-
vorable role of glutamate in T2DM risk [112,113]. In another
study with 526 participants being followed for 4.7 years, the
association of BCAAs and incident type 2 diabetes did not reach
statistical significance after adjustment for insulin resistance [110].
Recently, in a large-scale prospective population-based cohort
study, Ruiz-Canela et al. proved the association between plasma
concentration of total BCAAs (i.e., valine, leucine, isoleucine) and
the risk of type 2 diabetes mellitus [114]. Similar results were
obtained by Flores-Guerrero et al., who also reported the rela-
tionship between the plasma concentrations of total BCAAs and an
increased risk of T2DM development [21]. Ahola Olli et al. carried a
large population-based cohort study (11,896 young adults (24-45
years) with a follow-up of 8-15 years), which aimed to select
biomarkers of future type 2 diabetes. Branched-chain and aromatic
amino acids, triacylglycerol, linoleic acid and non-esterified choles-
terol were indicated as the most reliable biomarkers [115]. Lee et al.
reported that 2-aminoadipic acid (2-AAA), a metabolite from Lys
metabolic pathway, could be a potential biomarker of obesity and
obesity-related metabolic disorders. In this study, a level of 2-AAA
was increased in cell and mouse models of obesity-related insulin
resistance. The excess level of 2-AAA led to impaired insulin sig-
naling in insulin-sensitive cells (liver, skeletal muscle and adipose
cells) and caused abnormal gluconeogenesis [116].

In conclusion, amino acid and glucose metabolism are closely
related. AAs represent the main reservoir for gluconeogenesis and
influence insulinand glucagon secretion. Both processes are altered
early in the pathogenesis of T2DM, which, at least in theory, makes
amino acids good candidates for biomarkers of metabolic dis-
eases.
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5.3. Microbial-derived BAs

One of their primary function of BAs is to facilitate the emulsifi-
cation of dietary fats and to assist the intestinal absorption of lipids
and lipophilic vitamins [117]. Bile acids are synthesized in hepato-
cytes from cholesterol [117]. BA synthesis in humans is estimated
to use about half of the 800 mg of synthesized daily cholesterol
[22]. In the liver, specifically in peroxisomes, primary BAs are con-
jugated to either Gly (predominantly in humans) or taurine by
the bile acid-CoA synthase (BACS) and bile acid-amino acid trans-
ferase (BAT) enzymes. In the intestine, a portion of conjugated
cholic acid (CA) and chenodeoxycholic acid (CDCA) are deconju-
gated by bacterial bile salt hydroxylase to free bile acids. Bacterial
7a—-dehydroxylase removes the 7-HO group from CA and CDCA to
form deoxycholic acid (DCA) and lithocholic acid (LCA) respectively
[86]. The gut microbiome plays a key role in BA synthesis, modifica-
tion and signaling by transforming host-derived primary BAs into
secondary BAs and by their deconjugation (e.g., removal of Gly or
taurine) via the enzymatic activity of bile salt hydrolase [118].

The significant components of the human bile acid pool con-
sist of CA, CDCA and DCA, their ratio is roughly 4:4:2. BA level
and relative composition can be modulated by gut microbiota
[22]. Such bacteria as Bacteroides, Eubacterium, Bifidobacterium,
Ruminococcus, Peptostreptococcus, Propionibacterium, Clostridium,
Lactobacillus, Escherichia, Streptococcus and the archaeal genus
Methanobrevibacter, especially some of the Clostridia, including
C. scindens, C. hiranonis, C. hylemonae (Clostridium cluster XVia)
and C. sordelli (Clostridium cluster XI) are capable of producing
secondary bile acids [119]. Lin et al., confirmed that bile acids
level was positively correlated with Clostridium sp., Parasutterella
secunda, Turicibacter sp. and 11 unclassified species, and negatively
correlated with Acidovorax wohlfahrtii, Allobaculum stercoricanis,
Anaerotruncus sp., Bacteroides uniformis, Blautia glucerasea, Butyrici-
monas virosa, Clostridium papyrosolvens, Enterococcus gallinarum,
Microbacterium maritypicum, Lachnospiraceae bacterium and Lacto-
coccus plantarum [104]. In gallbladder bile, bile acids are conjugated
to either glycine or taurine in a ratio of about 3 to 1.4. An increased
expression of cholesterol 7-alpha-hydroxylase is correlated with an
increased rate of bile acid synthesis and increased biliary bile acid
and cholesterol secretion. Furthermore, an increased rate of bile
acid synthesis increases fecal excretion. It reduces serum choles-
terol levels by stimulating the uptake of low-density lipoprotein
(LDL) cholesterol, thus improving the hyperlipidemic manifesta-
tion of diet-induced obesity and diabetes [120].

Cariou et al. reported an increase of deoxycholic acid in
T2DM patients [121]. Similarly, Haeusler et al. observed that
12a-hydroxylated species (sum of CA, DCA, and their conjugates)
were significantly higher in patients with T2DM [122]. Bariatric
surgery was found to increase the level of BAs. At the same time,
a hypocaloric diet, which induced similar weight loss, was associ-
ated with a reduction of the level of unconjugated BAs. It suggests
that changes in bile acids are not the main reason for the improve-
ment of glucose tolerance following gastric bypass operation [120].
Lin et al. studied a connection between fecal BA concentration
and metabolic diseases. Higher levels of deoxycholic, lithocholic
and the total BAs were observed in obese and diabetic patients
in comparison to the control group [104]. These results are con-
sistent with those reported by Vincent et al., who observed that
bile acid concentration is increased in obese patients with type 2
diabetes [123]. The close link between plasma levels of BAs and
crucial metabolic parameters raises the possibility that modulation
of BA could be used as a therapeutic approach for the treatment
of metabolic diseases. Dietary supplementation with CA increased
energy expenditure and reduced weight gain during a high-fat
diet [83]. BA sequestrants, which increase the CA pool size (while
reducing CDCA and DCA pools), also reduced glucose, hemoglobin
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and cholesterol levels in patients with type 2 diabetes [85-87].
Thus, therapeutic strategies which increase circulating BA levels
or modulate the relative distribution of active BA species could be
a practical approach to improve systemic metabolism [22].

6. Measurement of GM-related metabolites in fecal samples

The concentration of SCFAs, BCAAs, AAAs and BAs can be
modulated by the differential presence of critical microbial fami-
lies,thus having significant implications for the pathogenesis of the
metabolic disease [79,124]. Consequently, an accurate determina-
tion of these metabolites can be essential for the early diagnosis of
various diseases. Among metabolites produced by gut microbiota,
SCFAs and BCAAs are the most frequently measured in biologi-
cal samples (e.g., plasma/serum, urine, bile, or feces) because of
the important role they might play [125]. Due to the rising popu-
larity of the investigations on the complex interactions between
the GM and the host metabolism, fecal samples have gained a
significant role in this type of research, being the most acces-
sible biological matrix, which can directly probe the connection
between intestinal bacteria and physiology [124]. However, the
analysis of GM-related metabolites in this type of biological mate-
rial can be complicated. Analytical challenges are not only related
to the marked compounds but also to the complex matrix they
belong to [126]. Successful sample preparation and metabolite
analysis require that the methodology applied adequately compen-
sates for the highly variable nature of the sample. It is important
to generate useful data and provide reliable insight into ongoing
biochemical processes [2]. Identification and accurate measure-
ment of endogenous low-molecular-weight metabolites is also an
analytical challenge due to their unique physicochemical proper-
ties (such as low vapor pressure and boiling point, and relatively
high solubility in aqueous phase) and their low concentrations
in biological samples [127]. Therefore, a derivatization process is
usually performed before analysis of the abovementioned classes
of metabolites. A revision of the recent (2015-2020) literature
showed that the newest or modified derivatization methods for the
analysis of GM-related metabolites in fecal samples mainly concern
SCFAs and BCFAs (Tables 1-4).

6.1. Derivatization reagents used to modify fecal metabolites
before GC-MS analysis

Gas-chromatography coupled to mass spectrometry is the most
commonly used method for the comprehensive analysis of volatile
or semi-volatile and thermally stable compounds with high effi-
ciency [128]. Most of the small molecular weight metabolites
(including small acids, alcohols, hydroxy acids, AAs, sugars, FAs and
sterols) existing in nature contain functional groups with active
hydrogen atoms (—COOH, —OH, —-NH and -SH). These groups make
them difficult to be analyzed by GC due to several reasons, including
insufficient volatility or thermal instability [129,130]. Therefore,
a derivatization step before GC analysis is required to improve
volatility, thermal stability and chromatographic mobility of ana-
lyte, as well as to enhance chromatographic peak shape and to
reduce peak tailing (Tables 1 and 2). Additionally, derivatization
can also add desired diagnostic fragments to mass spectra for
identification purposes [131]; this is especially important during
non-targeted analysis.

6.1.1. Silylation reagents used for the derivatization of
GM-related metabolites

Silylation is the standard and most widely used deriva-
tization procedure for the analysis of microbial metabolites
by GC-MS [130,132]. It introduces a silyl group [-Si(CH3)s3]



Table 1

GC-based methods for the targeted analysis of SCFAs and BCFAs in feces.

Metabolites Organism Sample preparation Derivatization reaction Chromatography/ Validation parameters References
detection/stationary phase
SCFAs and BCFAs (6): AcA, PA, humans 1-propanol Total time: 5 min; GC-PCI-MS, HP-5MS (30 m x LOQ=5-30 pM, Linear range: [49]
BcA, IBcA, VA, iVA Derivatization (ECF): 1 min 250 pm, 0.25 um film 5-5000 pmol L', RSD <4 %,
room temp thickness), Time of analysis: R2>0.997
40 min
SCFAs (4): AcA, PA, BcA, Va humans ethyl ether-hexane (1:1, v/v) Total time: 20 min GC-MS; Nukol™ capillary GC Linear ranges = 5.71-11.20 pg [144]
column (15 m x 0.53 mmx mL-',RSD <10 %, LOD =
0.5 pm film thickness) 1.88-3.70 pgmL~', LOQ =
Supelco; Time of analysis: 15 5.7-11.2 pg mL~', Recovery:
min 96.51-108.83 %, R? > 0.999
SCFAs and BCFAs (15): FA, VA, humans and cat LLE: hexane Total time: 10 min; GC-MS, HP-5MS (30 m x 0.25 Recovery=42-98 %, RSD < 10 [150]
AcA, 3-mPA, PA, iCA, iBA, CA, Derivatization (BCF): 2 min mm, 0.25 pm) AT; Time of %, R?>0.99
BCA, 2-mHA, 2-mBA, 4-mHA, room temp. analysis: 20 min
IVA, HA
SCFAs and BCFAs (7): AcA, BcA, humans Phosphoric acid Total time: 30 min; GC-MS-TQ; ZB-FFAP column LOD=0.5-1280 pM [155]
PA, iBA, VA, iVA, CA Derivatization (PCF): 5 min (30 m,0.25 pm film thickness);
room temp Time of analysis: 8 min
SCFAs and BCFAs (6): AcA, PA, humans LLE: butanol Total time: 30 min GC -TOFMS; polar VF-WAXms LOD=0.05-0.1 pg mL~!, LOD = [192]
IBcA, BcA, IVA, VA capillary column (30 m x 0.25 0.5-1.0 pgmL~',RSD < 10 %,
mm x 0.25 wm film thickness) Accuracy =93-111 %, Recovery
AT; Time of analysis: 15.8 min =95.1-105%
SCFAs (4): AcA, PA, BcA and VA humans acidic solution Total time: 1 h without GC-MS; ZB-WAX (30 m x 0.25 LOD=0.0033-0.068 pwmol g—1 [202]
derivatization mm ID, 0.15 pm film thickness) LOQ=0.011-0.23 pmol g-1,
Time of analysis: 28 min Recovery = 83—-110 %, Accuracy
=79-110 %, Precision = CV%<11
%
FAs (5): LA, OA, SA, MA and CcA solid samples acetone, diethyl ether and Total time: 1 h; Derivatization HS-GC-MS; Ultra 2 LOD=0.27-0.57 mg L™ [132]
dimethylformamide - were (BSTFA): 15 min at 200 "C (25m x 032 mm, 0.52 pm film R?>0.998, RDS = 2.2-4.9 %,
tested as a derivatization thickness) Time of analysis: 20
medium and DMF was min
considered as the best
SCFAs (3): AcA, PA, BcA dogs C18 SPE Total time: 1 h 20 min; GC-MS, DB-1 MS capillary LOD =0.2-0.3 mM, LOQ = [139]
Derivatization (MTBSTFA): 60 column (AT); Time of analysis: 0.8—1.0 mM, Recovery = 96-99
min. room temp. 20.53 min %, RSD <5 %,
SCFAs and BCFAs (8): AcA, FA, mice LLE: hexane Total time: 2 h; Derivatization GC-MS, DB-225 MS (30 m x LODs = 0.244-0.977 pM LOQ = [19]
PA, IBcA, BcA, 2-MBCcA, IVA, (PFBBr): 60 °Cfor 1.5 h 0.25 mm x 0.25 pm film 0.977-7.813 .M Recovery =
VA thickness) (50 55.7-97.9 % R?>0.997
%-cyanopropylphenyl)-
methylpolysiloxane) AT: Time
of analysis: 25 min
SCFAs (3): AcA, PA and BcA mice LLE: hexane Total time: 1 h; Derivatization GC-MS; VF-5 MS column (5 % RSD <12 % LOQs = 1-20 pM [40]

(PFBBr): 60 “C for 30 min
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phenyl-methyl; 25 m x 0.25
mm; 0.25 pm film thickness)
AT; Time of analysis: 15 min
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Table 1 (Continued)

Metabolites Organism Sample preparation Derivatization reaction Chromatography/ Validation parameters References
detection/stationary phase
SCFAs and BCFAs (9): AcA, PA, mice LLE: anhydrous diethyl ether Total time: 2 h 30 min, GC-MS; HP-5 MS capillary RSD < 2 %, LODs = 0.064-0.067 [137]
IBCA, BcA, IVA, VA, 4-mVA, (1:1,v/|v) Derivatization (BSTFA): 37 °C column (30 m x 0.25 mm x LM LOQs = 1.60—1.68 uM
HA, HXA for2h 0.25 pm film thickness) (AT); Recovery = 81.63-128.4 %,
Time of analysis: 20 min R?>0.999
SCFAs (3): AcA, PA, BcA mice hexane Total time: 1 h; Derivatization GC-MS; HP-5MS capillary Recovery=67-108 %, RSD < 20 [154]
(PCF):60°Cfor1h column coated with 5 % % MA=76-97 %,LOD=0.2-0.8
phenyl-95 % pgmL~', L0Q=1-5 pg mL™!
methylpolysiloxane (30 m x
250 pm, 0.25 pm film
thickness); Time of analysis:
25 min
SCFAs and BCFAs (6): AcA, PA, mice ethyl acetate Total time: 45 min; GC-MS/MS, ZB-FFAP (30 m x LOD =0.5-0.8 mg L' LOQ = [191]
IBcA, BcA, iVA, VA without derivatization 320 pm x 0.5 pm film 0.8-1.0 mg L' Recovery =
thickness); Total time: 13.5 80-102 % R?>0.999
min
SCFAs (3): AcA, PA and BcA mice LLE: N-butanol, Total time: 15 min GC-MS; DB-23 column (60 m x Linear range=15-10,000 g [203]
tetrahydrofuran and without derivatization 0.25 mm x 0.15 wm thick layer mL~', RSD < 15.0 % Accuracy
acetonitrile in a 50:30:20 ratio, of 80.2 % (error relative [ER]) + 15.0 %,
HCl 0.1 M, 20 mg citric acid and 1-methylnaphatalene; Time of Recovery> 97.0 %
40 mg sodium chloride analysis: 12 min
SCFAs and LCFAs (21) pigs anhydrous ethanol Total time: 30 min.; GC-MS; HP-5MS capillary R?>0.99, RSD = 1.30-6.73 %, [149]
Derivatization (ECF): 10 min column Recovery > 98 %, Linear range =
room temp. coated with polyimide (60 m x 0.5-50 pg mL~!
0.25 mm x 0.25 mm film
thickness; Time of analysis: 45
min
Metabolites (62): AAs (20), rats LLE: methanol and chloroform Total time: 45 min; MOX: 37 GC-TOF/MS; DB-5MS (30 m x LOD = 0.002-0.9 nmol, LOQ = [43]
PhDs (15), FAs (6), OAs (6), (3:1,v/v) C for 2 h, Derivatization 0.25 mm, x 0.25 pm 0.003-0.7 nmol, Linear range:
1dDs (4), BAs (2) (BSTFA:1 % TMCS): 70 °C for 90 film thickness; (5 %-phenyl)- 0.25-50.0 nmol, R? =
min methylpolysiloxane; Time of 0.9936-0.9998, RSD < 15 %
analysis: 45 min
SCFAs (3): AcA, PA, BcA rats LLE: dichlorometane Total time: 30 min; GC-MS, DB-5 MS capillary Linear range =0.05—-40 p.g [151]
Derivatization (PFBBr): 60 “C column (30 m x 0.25 mm x mL-', R?>0.997, LOD = 5-24 ng
for 20 min 0.25 pm film thickness; Time mL-', Recovery>92 %
of analysis: 20 min
SCFAs (3): AcA, PA and BcA rats diethyl ether Total time: 12 min GC-MS, ZP-FFAP (30 m x 0.25 AcA (2.00 + 0.24 mg/g dry [195]
without derivatization mm x 0.25 pm film thickness); weight), PA (0.51 + 0.07 mg/g
Time of analysis: 25 min dry weight) and BcA (0.58 +
0.11 mg/g dry weight)
SCFAS and BCFAs (7): AcA, PA, rats SPME (DVB/Car/PDMS fiber) Total time: 30 min SPME-GC; (PEG) column LOD =0.017-4.91 mg L', LOQ [158]
BcA, PA, HA, IBcA, IPA without derivatization (ZB-FFAP, 25 m x 0.32 mm x =0.015-16.38 mgL ',
0.25 pm film thickness); Time Recovery = 72.7-104.6 %,
of analysis: 15 min R?>0.995
SCFAS and BCFAs (9): AcA, PA, rats HCl/ethanol Total time: 15 min GC-MS; DB-5 MS capillary LOD =0.0868-0.393 pg mL~', [204]

IBCA, BcA, IVA, VA, HA,
2-ethyl BcA and 2-ethyl HA

without derivatization

column (30 m x 0.25 mm x
0.25 pm film thickness; (5 %-
phenyl)-methylpolysiloxane;
Time of analysis: 22 min

LOQ=0.261-1.18 pgmL"!,
RSD < 2.54 %, Recovery =
92.81-104.1 %
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Table 2

GC-based methods for the non-targeted analysis of SCFAs and BCFAs in feces.

Metabolites Fecal sample type Sample preparation Derivatization reaction Chromatography/ References
detection/stationary phase
SCFAs and BCFAs (7): AcA, PA, iBA, BA, humans hexane Total time: 45 min, Derivatization GC-MS, DB-5 MS (30 m x 0.25 mm [42]
iVA, VA, hexanoic-6, 6, 6,-d3 acid (ICF); (ultrasonication for 1 min) x 0.25 pm film thickness); Time of
analysis: 20 min
Metabolites (122 and 86): AAs, FAs, humans methanol/water Total time: 26 h; MeOX: 24 h room GC-MS; HP-5MS capillary column [47]
phenolics, Id, carbohydrates, sugars temp, Derivatization (MSTFA/1 % (30 m x 0.250 mm x 0.25 pm film
and other metabolites TMCS): 70°Cfor1 h thickness) AT; Time of analysis: 57
min
AAs, FAs, CarA and PhD humans methanol:water (8:2) Total time: 2 h 40 min; MeOX: 45 GCxXGC/TOF-MS; 10 m RTX-5 (10 m [142]
C for 1 h, Derivatization x 0.18 mm x 0.20 pm film
(MSTFA:1 % TMCS): 45°Cfor1h thickness); Time of analysis: 45
min
SCFAs, BCFAs, LCFAs (14) humans LLE: MTBE Total time: 20 min GC-MS, Stabilwax®- [187]
DA column (30 m x 0.25 mm x
0.25 pwm film thickness) Restek:
Time of analysis: 25 min
Metabolites (15): Dimethyl sulphide, humans methanol Total time: 60 min GC-MS, SOLGEL-WAX (30 m x 0.25 [190]
AcA, ethyl butanoate, ethyl mm, 0.25 pm film thickness) Time
2-methylbutanoate, dimethyl of analysis: 30 min
disulphide, 1-octen-3-one, dimethyl
trisulphide, 1-octen-3-ol, ethanoic
acid, BcA, 3-methylbutanoic acid, PA,
indole and 3-methyl indole
SCFAs and BCFAs (6): AcA, PA, IBcA, humans ether and metaphosphoric acid Total time: 30 min GC-MS; capillary column (30 m x [205]
BcA, IVA, VA, total SCFAs 0.5 mm; Restek); Time of analysis:
18 min
Metabolites (195): AAs, FAs, CarAs and mice methanol Total time: 2 h 10 min; MeOX: 60 GC x GC-MS; DB-5 MS J&W ultra [182]
PhD C for 1 h, Derivatization Inert column (60 m x 0.25 mm x
(MSTFA/1 % TMCS or MTBSTFA/ 1 % 0.25 pm film thickness) and J&W
TBDMCS): 60 °C for 1 h DB-17 column (1 m x 0.1 mm x
0.1 pm film thickness); Time of
analysis: 57.5 min
Metabolites (126): carbohydrates (26 pigs ethyl acetate First protocol: Total time: 2 h 40 GC-TOF/MS; DB-5MS-UI (30 m x [48]
metabolites), AAs (23), FAs (18), CarA min; MeOX: 30 °C for 90 min, 0.25 mm
(16) and SCFAs (6) Derivatization (BSTFA/1 % TMCS): x0.25 pm film thickness) AT; Time
37 °C for 60 min; Second protocol: of analysis: 45 min
Total time: 1 h 40 min;
Derivatization (BSTFA/1 % TMCS):
37 “Cfor 60 min;
Metabolites (86): AA, sugars, OA, FA fish ACN:2-propanol: H,0 Total time: 2 h 20 min; MeOX: 30 GC-MS, DB-5 ms (0.25 mm x 30 m, [194]
“C for 90 min, Derivatization: 0.25 pwm film thickness, 10 m DG),
(MSTFA): 37 °C for 30 min Time of analysis: 37 min
Metabolites (99): SCFAs, AAs, amides rats methanol Total time: 1 h 20 min; MeOX: 30 GC-MS, TG-5MS [46]
and pyrimidines C for 90 min, Derivatization capillary column (30 m x 0.25 mm
(BSTFA/1 % TMCS): 37 “C for 30 min x 0.25 pm film thickness) Thermo
Fisher; Time of analysis: 45 min
Metabolites (71): AAs, Biogenic rats methanol:water Total time: 3.5 h; MOX: 60 “C for GC-MS; HP-5 MS, (29 m x 0.25 2]
amines, Vit, carbohydrates and other 90 min, Derivatization (MSTFA): mm x 0.25 pm film thickness);
metabolites 60 °C for 90 min Time of analysis: 58 min
Metabolites (36): AAs, sugars, OAs and standard mix, humans methanol:water, Total time: 3 h 20 min; MeOX: 37 GC-MS, ZB-1701 (30 m x 0.25 mm [133]
others C for 90 min, Derivatization x 0.15 pum stationary phase (86 %

(MSTFA): 37 °C for 30 min

dimethylpolysiloxane, 14 %
cyanopropylphenyl); Time of
analysis: 50 min
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Table 3

LC-based methods for the targeted analysis of SCFAs and BCFAs in feces.

GM metabolites Fecal sample type Sample preparation Derivatization reaction Chromatography/ Validation parameters Ref.

detection/stationary phase

SCFAs and BCFAs (6): AcA, PA, BcA, humans MeOH Total time: 60 min; Derivatization UPLC/MS/MS; Waters BEH C18 (2.1 Linear range =1.5—-10000 [39]
2-mBcA, VA, IVA (HATU, AMQ, HOAT): 25 “C for 20 x 100 mm, 1.7 pum) UPLC column; KM (0.13-74.4 pmol g1),

min Time of analysis: 5.5 min R? = 0.9969-0.9982,
Accuracy 85.5 %-104.3 %,

SCFAs and BCFAs (6): AcA, PA, BcA, VA, humans ACN Total time: 30 min; Derivatization LC-MS/MS; Apollo C18 column (4.6 Recovery=95-110 %, RSD: [44]
iVA, HA, iHA (2-BAP): 40 “C for 20 min mm x 150 mm, 5 um) Time of 3.39-12.75 %, Linear

analysis: 27 min range: 1-50000 ng mL~',
R?>0.995,L0Q = 1-10 ng
mL-',LOD =0.4-2.0 ng
mL~!

SCFAs and BCFAs (12): AcA, BcA, CA, humans ACN:H,0 Total time: 2 h 30 min; LC-MS/MS: Acquity UPLC HSS T3 RSD (%) =3.3—14.6 LOD = [45]
2,2-dimethylbuthyrate, Derivatization ('2 Cand ' C - (2.1 mm x 100 mm, 1.8 pm); Time 0.1-5.7 nM, LOQ = 0.2-9.1
2-ethylbutyrate, IBcA, IVA, 2-MBcA, labelled aniline): 4 “C for2 h of analysis: 15 min nM R%>0.997 Linear range:
4-MVA, PcA, pivalic, VA 1-10000 nM

SCFAs (3): AcA, PA, BcA humans AcN:H,0 Total time: 40 min; Derivatization LC-MS/MS; Kinetex® (2.6 m Recovery=82-113 %, [50]

(3-NPH): 40 “C for 30 min XB-C18, 2.1 x 50 mm); Time of LODs: 1.9-0.20 mol g~', CV
analysis: 4 min <10%,

SCFAs and BCFAS (10): AcA, PA, BcA, humans ACN:H,0 Total time: 40 min; Derivatization LC-MS/MS; Waters BEH C18 (2.1 x Recovery=93-108 %, LOD [162]
IBcA, VA, 2-MBcA, IVA, 3-mVAs, ("3Cg-labeled 3-NPH): 40 °C for 90 100 mm, 1.7 pm), Time of =0.15-15 fmol LOQ =
isoCA, CA min analysis: 15 min 0.3-45 fmol R?>0.997,

Linear range: 0.12—2500
nM, R2 > 0.998

SCFAs and BCFAs (10): AcA, PA, IBcA, humans MeOH Total time: 45 min; HPLC-UV; ZORBAX SB-C18 column Recovery=96.12—-100.75 %, [175]
BcA, 2-mBcA, IVA, VA, 3-mVA, Derivatization: (3-NPH): 4 “C for (4.6 x 250 mm, 5 pum), Time of LOD:0.011-0.012 mM,
isocaproic, CA 10 min analysis: 50 min LOQ: 0.038-0.040 mM,

RSD = 0.23-4.75, R?>0.998

AcA, PA acid, IBcA acid, BcA, 2, 2- mice MeOH Total time: 10 min LC-MS/MS; RP Recovery=98.5-116 %, [33]
dimethylpentanoic acid, 2-mBA, IVA, Derivatization (AMB): room temp (Pursuit 5 C18 2.0 mm x 150 mm); RSD =0.48-7.7 %, LOQ:
VA, 2, 2- dimehtylbuthyric acid for 5 min Time of analysis: 35 min 21.7-61.8 ngmL!,

R?>0.997,

SCFAs and BCFAs (10) 30 -OH: AcA, PA, mice MeOH Total time: 10 min, UHPLC-MS/MS; C18 column (2.1 x Recovery =80-120 %, RSD [37]
BcA, IBcA, VA, IVA, HA, Derivatization: 150 mm, 1.6 um), <1.05-9.74 %, R2>0.999,
2-ethylbutyric acid (Dg/Dg-DHPP): 30 “C for 3 min Time of analysis: 15 min CV<148%

SCFAs and BCFAs (11): AcA, PA, IBcA, mice MeOH Total time: 2 h 30 min; LC-MS/MS; Kinetex C18 (2.1 x 100 Recovery>82 %, LOQ: [64]
BcA, IVA, VA, 3M-VA, 4M-VA, HA, Derivatization (O-BHA): 25 “C for mm, 2.6 p.m), Time of analysis: 35 0.51-1.04 mM, R? > 0.990
AcA, 3-OH-BcA 2h min

SCFAs and BCFAs (14): AcA, BcA, IBcA, mice diethyl ether Total time: 45 min; Derivatization HPLC; TSK- gel Recovery =90—-115 %, RSD [174]
2-MBcA, CA, iCA, crotonic acid, (2-NPH): 60 °C for 20 min 0DS-80TS column (4.6 x 250 mm), =1.3-7.7 %, Linear range:
2-methylcrotonic acid, PcA, LA, VA, Time of analysis: 60 min 1-100 nmol-pL! (0.5-50
VA, pmolg™')

FAs (10): AcA, BcA, IBcA, PA, VA, IVA, mice MeOH Total time: 20 min, Derivatization HPLC-UV; RP BEH C18 (2.1 x 100 Recovery=89.7-100.2 %, [177]
2-MBcA, CA, 4-MVA, succinic acid (2-PA in DPDS and TPP): 60 °C for mm, 1.7 wm); Time of analysis: 10 RSD=2.1-9.2%,LOD =

10 min min 10-75 nM, LOQ = 25-100
nM, R? > 0.991
FAs (23) and AAs (16) mice MeOH for extraction thiol Total time: 1.5-3.5 h; LC-MS; Shimadzu VP-ODS column Recovery>88 %, RSDs<24 %, [182]
metabolites, MTBE- for Derivatization (DMED, D4s-DMED, (2.0 x 150 mm, 5 um), Time of R2>0.9998
extraction carboxyl, carbonyl, HIQB and d;-HIQB, 4DMAP, analysis: 60 min
amine metbolites D4-DMAP, BQB and D7-BQB):
Carbonyl metabolites: more than
50 “C for 3 h, amine metabolites:
50 “C for 1 h, thiol metabolites: 45
Cfor1h
SCFAs and BCFAs (8): AcA, PA, BcA, dogs hexane and diethyl ether Total time: 30 min HPLC-MS; YMC-Pack FA 116 (6.0 x Concentration range: [183]

IBcA, lactic, valeric, IVAleric and
crotonic acids

Derivatization (2-NPH): 60 “C for
20 min

250 mm), Time of analysis: 25 min

0.1-5.0 mM, Recovery:95.9
%-118.0%,R? =
0.9922-0.9984
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Table 4
LC-based methods for the non-targeted analysis of SCFAs and BCFAs in feces.
GM metabolites Fecal sample Sample preparation Derivatization reaction Chromatography/ References
type detection/stationary phase
Metabolites (189): AAs, pigs MeOH/H,0 Total time: 20 minutes LC-QTOF MS/MS; Poroshell 120 (48]
BAs, FAs, carnitines EC-C18 (2.1 x 50 mm, 2.7 pm particle
size), Time of analysis: 29 min
Metabolites (3012) humans ACN:H,;0 Total time: 2 h; Derivatization LC-MS, BEH C18 (2.1 mm x 10 cm, 1.7) [181]
('*C,-dansyl chloride): 40 'C Time of analysis: 30 min
for 60 min
Polar ites (42) SPE: MEOH and H,0  Total time: 5 min; UHPLC-HRMS; Acquity HSS T3 column  [198]
(Waters Corporation,
2.1 x 150 mm, 1.8 pm); Time of
analysis: 18 min
AAs, FAs, BAs rats MeOH :H,0 Total time: 30 min LC-Q-TOF MS; BEH C18 column (2.1 x [193]
100 mm, 1.7 pm) Time of analysis: 17
min

[-Si(CH3); to the compound by replacing the active hydro-
gen (e.g., —OH,-SH, -NH4", —COOH) and generates stable, more
volatile and less polar derivatives of the parental metabolite
[133]. Silylation is comparatively safe and easy to use. Usually,
two reaction steps, methoxymation (MeOX) followed by silyla-
tion, are required to inhibit ring formation of reducing sugars by
protecting the aldehyde and ketone groups [130]. Various sily-
lation agents, like (N-Methyl-N(trimethylsilyl)trifluoroacetamide
(MSTFA) and N,o-Bis(trimethylsilyl) trifluoroacetamide (BSTFA),
with or without the presence of a catalyst (usually 1 % trimethylsi-
lyl (TMS), trimethylchlorosilane (TMCS), trifluoroacetamide (TFA),
hydrochloric acid, potassium acetate, piperidine or pyridine) are
commonly used before GC-MS analysis. [134]. The TMS group
contributes both to chemical and thermal stability, stabilizes car-
bonyl radicals of metabolites and stops charge transfer as well as
increases analyte volatility for GC and GC-MS applications [135].
These derivatization reagents have an excellent and comprehensive
reactivity with biological organic molecules. The active hydrogens
from acids, alcohols, thiols, amines, amides, ketones and aldehy-
des are replaced with the trimethylsilyl group [136]. The choice of
silylated reagent is based on its reactivity and selectivity towards
the particular compound of interest, the intended application, the
stability of the derivative and the abundance or nature of reaction
by-products [35]. It is also essential that this type of derivatization
requires anhydrous reaction conditions, and therefore, the samples
and solvents have to be completely free of water [132]. Addition-
ally, the reaction mixture is not separated from the derivatives,
therefore, the sample injected into the GC inlet and then mostly on
(5 %-phenyl)-methylpolysiloxane type (HP-5 and DB-5) columns,
consists not only of the derivatives but also of the residual reagents,
which may cause damage to the GC column, reducing its lifetime.
Shan et al., used both, methoxyamine hydrochloride dissolved
in pyridine (w/v, 10 mg/mL) and BSTFA (1 % TMS), during the
derivatization process before GC-MS detection of 99 endoge-
nous metabolites in fecal samples from rats. Among the detected
metabolites SCFAs (AcA, PA, BcA), BCFAs (isobutyric acid (iBcA), VA,
and isovaleric acid (iVA)), amino acids, amides, and pyrimidines
were present [46]. Methoxymation and silylation were carried out
at 30 °C for 90 min and at 37 °C for 30 min, respectively. Yin
et al. developed a gas chromatography/time-of-flight mass spec-
trometry (GC-TOF/MS) method for the analysis of 64 metabolites
representing different classes of GM-related metabolites (SCFAs,
BAs, PhD, AAs, etc.) in rat fecal samples. First, MeOX was carried out
at 37 °C for two hours. Then, BSTFA with 1 % TMCS was added, and
the sample was silylated at 70 °C for 90 min before the GC-TOF/MS
analysis. Excellent linearity was obtained for 62 reference stan-
dards, with correlation coefficients (R?) higher than 0.99. Limits of
detection (LOD) and limits of qualification (LOQ) for these standards
were below 0.9 nM and 1.6 nM, respectively. The reproducibil-
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ity and repeatability of the majority of tested metabolites were
below 15 % [43]. The choice of the derivatization method primarily
affects the simultaneous detection of a high number of metabo-
lites from different classes within a single GC-MS analysis. Thus, it
makes the sample preparation a time-consuming process. Jain et al.
established a TMS- and GC-MS-based methodology, which enabled
the detection of 122 and 86 microbial metabolites from fecal and
urine samples. Sample preparation consisted of 24 h MeOX step
carried out at room temperature. The list of detected metabolites
includes amino acids, phenolic compounds, indoles, carbohydrates
and sugars [47].

Methoxymation protects ketones and aldehydes by convert-
ing carbonyl groups to methoxyamine groups. However, not all
compounds are protectable because carbonyl groups adjacent
to heteroatoms (nitrogen or oxygen) are not sufficientlyelec-
tropositive for nucleophilic attack by the methoxyamine reagent.
Therefore, the MeOX step does not alter all metabolites, what
makes it optional or unnecessary. Additionally, the removal of the
methoxymation step not only reduces the derivatization time but
also gives more stability to the final products. For this reason,
Lopez-Bascon et al. compared two different derivatization proto-
cols to check the influence of this step on the detection capability
of their GC-TOF/MS method [48]. In the first tested derivatization
protocol, the residues resulting from the sample preparation step
were reconstituted with methoxyamine in pyridine (20 mg mL-1),
then BSTFA-TMCS mixture was added to the reconstituted ana-
lytical sample. In the second derivatization protocol, the MeOX
step was omitted, and the residues were reconstituted in pyri-
dine, and the mixture of BSTFA-TMCS was added. Based on the
data obtained, the authors concluded that depending on the objec-
tive of the research, one or two derivatization protocols may be
required to increase metabolites coverage. Three additional car-
boxylic acids (CarA) were detected only when the MeOX step was
included. On the other hand, 27 metabolites were detected without
MeOX. Therefore, the adoption of a unique silylation process allow-
ing derivatization of all functional groups is challenging due to the
different kinetics of the reaction. Under the selected conditions,
some functional groups are derivatized immediately, while others
were delayed. Due to the instability ofimmediately silylated deriva-
tives, the silylation can not be carried for too long. On the other
hand, the time of this reaction can not be too short due to incom-
plete silylation of the metabolite moieties showing slower reaction
kinetics. Therefore, reaching a complete reaction for all metabo-
lites, without any degradation, remains challenging. To sum up,
depending on the objective of the study, one or two derivatization
protocols may be required [48].

Zhang et al. presented an improved GC-MS method for the mea-
surement of nine fatty acids. SCFAs and BCFAs were extracted with
anhydrous ether from acidified fecal water. BSTFA was used as
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a derivatization reagent, in combination with the previous dehy-
dration step performed with the use of sodium sulfate (Na;SOy4).
The major SCFAs, including AcA, PA, iBcA, BcA, iVA and VA, were
identified and quantified accurately in fecal and serum samples.
The derivatization with BSTFA at 37 °C showed excellent linearity
(R%>0.999), good recoveries (81.27-128.42 %), high repeatability
(RSD < 2 %) and LOD of different SCFAs ranging from 0.064 to
0.067 wM. Summarizing, GC-MS analysis of the SCFA standards
mix processed with anhydrous Na;SO,4 showed much higher peak
responses than without dehydration, suggesting that performed
dehydration is useful in combination with BSTFA derivatization
[137].

The other known derivatization reagents,
used in GC-MS-based metabolomics, are MSTFA and
N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide ~ (MTB-
STFA). Compared to the reagents presented above, MSTFA and
MTBSTFA are less sensitive to moisture and tolerate about 1 %
of water [138]. MTBSTFA was used by Minamoto et al. to detect
three SCFAs (AcA, PA and BcA) in fecal samples from dogs [139].
Deda et al. used methoxyamine hydrochloride in pyridine with
MSTFA to quantify 71 metabolites in rat fecal samples [2]. The
combination of MeOX and MSTFA offers distinct advantages.
Methoxyamine stabilizes carbonyl radicals of metabolites and
stops charge transfer, while MSTFA replaces active hydrogens
on a wide range of polar compounds with a -Si(CH3); group.
Recently, Yuan et al., compared two derivatization reagents,
MSTFA with 1 % trimethylchlorosilane (TMCS) and MTBSTFA
with 1 % tert-butyldimethylchlorosilane (TBDMCS). The reagent
volume, incubation time and temperature for both the methoxy-
mation and silylation step were the same. The reaction was carried
out at 60 °C for 1 h. A total of 194 metabolites were identified
by two-dimensional gas chromatography (GC x GCM-S) with
MSTFA derivatization and 149 by the same method with MTBSTFA
derivatization. Detected metabolites belong to amino acids, fatty
acid derivatives, carboxylic acids and phenolic compounds [140].
Phua et al. used GC-TOF/MS to profile a wide range of metabolites
including carbohydrates, carboxylic acids, hydroxyl acids, fatty
acid esters, polyols, long chain alcohols, sterols, phenols, amino
acids and other nitrogen-containing compounds in human feces.
Following oximation, MSTFA with 1 % TMCS was added and the
mixture was incubated at 60°C for 45 min to form TMS derivatives
[141].

In most of the above presented TMS-based protocols, offline
derivatization was performed. It causes the generation of unsta-
ble products, and consequently, the derivatization of a larger batch
of samples at once will result in a higher variability between the
samples injected in the same batch. To overcome this problem,
Zarate et al. presented a fully automated TMS derivatization proto-
col using MSFTA as a reagent, applicable to measure 36 metabolites
by GC-MS. This automated TMS method showed a better repro-
ducibility and a higher peak intensity for most of the identified
metabolites than the manual derivatization method. The exception
was the reproducibility of amino and organic acid measurement
in wine or plasma samples, which was better when the man-
ual method was used. However, derivatization with the use of
methyl chloroformate (MCF) is preferred over TMS for the simul-
taneous determination of amino and organic acids [130]. In the
case of plasma samples, better reproducibility using the manual
method was also observed for oxalic acid. However, this early elut-
ing metabolite is a poor indicator of reproducibility. When the
automated method was used excellent results for sugars, sugar
alcohols and some organic acids (OAs) were achieved. According to
the performed literature review (Table 1), it was the first time that
an automated TMS method was applied to analyze a large number
of complex biological samples [ 133]. Trost et al. developed an auto-
mated derivatization method with the use of two robotic hands

commonly

86

to determine 82 metabolites mainly belonging to AAs (27), FAs
derivatives (17), benzene derivatives (10) and CarAs (10) by use of
GC-GC/TOF-MS. First, methoxymation reagent was added to each
sample, and after that, the samples were incubated and shaken for
one hour at 45 °C. Then, MSTFA was added, and the samples were
again incubated and shaken at 45 °C for one hour. In this method,
the whole derivatization process was carried out for more than 2 h
at 45 °C. Unfortunately, such a high temperature can be destructive
to some thermolabile compounds [142]. Therefore, to reduce the
reaction time from hours to 3-5 min, microwave-assisted meth-
ods of silylation were developed [143]. However, microwaves can
also cause the degradation of many unstable metabolites present
in biological samples [133].

6.1.2. Alkylation reagents used for the derivatization of
GM-related metabolites

The results obtained with the use of silylated derivatives have
been reported as unreproducible [144]. It was hypothesized that
the hydrophilic nature of the reagent yielded an unstable prod-
uct that was easily hydrolyzable in the presence of water [144]. To
overcome this problem, alkylation, as an alternative derivatization
reaction improving the stability of compounds, was proposed [130].
Unlike silylation, alkylation offers instantaneous reaction without
heating or water exclusion, lower reagent costs and easy separa-
tion of the derivatives from the reaction mixture, which causes
less damage to the GC-capillary column [35]. Alkyl chloroformate
derivatization has advantages of being faster, involving milder reac-
tion conditions (aqueous medium and room temperature)and has
better reproducibility and stability [109]. Some studies (Table 1)
reported that an acylated compound is more stable than a silylated
one, especially for amines or fatty acids. Alkylation with MCF and
propy! chloroformate (PCF) improves the stability of compounds
by protecting unstable groups. Furthermore, they confer volatility
to substances that have many polar, non-volatile groups and will
decompose during the heating process. This way, such molecules
can be analyzed using gas chromatography [145].

Fecal metabolites, such as amino acids and some organic
acids, produce relatively unstable silylated derivatives. Therefore,
to analyze these compounds efficiently, an alternative deriva-
tization method should be used [146]. Since methyl- or ethyl-
chloroformates yield higher derivatization efficiency than propyl-
chloroformates. Luan et al. tested alkyl chloroformates with dif-
ferent lengths of alkyl groups to perform derivatization of fecal
amino acids, short-chain fatty acids and non-amino organic acids
before GC-MS/MS analysis. It was confirmed that carboxylic acids
and amino groups could be selectively labeled by propyl and ethy!l
groups, respectively. Therefore, the chloroformate derivatization
method was developed and employed for the profiling of short-
chain organic acids. With this method, acetic acid derivatives could
be separated on popular HP-5MS capillary column (30 m x 250
pmi.d. x 0.25 wm film thickness; Agilent Technologies, USA) from
the solvent peak and precisely measured [49]. In 2010, Smart et al.
developed an analytical platform with the MCF derivatization pro-
cess for the analysis of 37 amino and non-amino organic acids using
GC-MS [147]. One year later, Villas-Boas et al. [130] compared
silylation (TMS) and alkylation (MCF) derivatization processes for
analysis of amino and non-organic amino acids by GC-MS. MCF
was found preferable for the analysis of polyfunctional amines,
nucleotides and organic acids in microbial metabolomics studies.
As chromatography of TMS derivatives seems to suffer from irre-
producibility, MCF derivatization appears with a better analytical
performance. Zhao etal.improved the previously optimized deriva-
tization method with MCF and ECF. They developed a rapid, simple
and sensitive method for the simultaneous analysis of 92, 103, 118
and 52 microbial metabolites in human serum, urine, feces and
Eschericha coli cell samples, respectively. These metabolites (42
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FAs, 37 AAs, 16 CarAs, 9 hydroxy acids, 9 indoles and others) were
analyzed in a single run of about 15 min. The proposed method
exhibited excellent linearity, reproducibility and has the poten-
tial to be used for quantitative analysis of GM-related metabolites
[148].

Based on the literature review, silylation arises as a highly
recommended method for the derivatization of SCFAs present
in biological samples [149,150]. Analysis of these GM-related
metabolites can be problematic because of their unique physico-
chemical properties and low concentration in biological samples
[33]. SCFAs can be lost during conventional extraction and deriva-
tization processes due to their properties (relatively high solubility
in aqueous media, low pKa values, and low vapor pressure), [151].
Another GC-MS method for the quantification of fecal carboxylic,
amino and phenolic acids after derivatization with ethyl chlorofor-
mate (ECF) was described by Gao et al. In this method, the efficiency
of three solvents (deionized, acidified and alkalized water) to
extract fecal metabolites was tested. Deionized water had a higher
extraction efficiency for fecal compounds than acidified or alka-
lized water [152]. Zheng et al. developed a GC-MS method for
quantification of SCFAs (14 molecules) and BCAAs (3 molecules)
using one-step-derivatization procedure with PCF in a reaction
system consisting of water, propanol and pyridine (v/v/v = 8:3:2).
This method includes a basic aqueous (5 mM NaOH) extraction at
4 °C to protect the volatile SCFAs. This derivatization reagent has
many advantages, such as the short reaction time (only 1 min at
room temperature) and the ability to perform the derivatization in
aqueous media. This accurate, simple and robust method was suc-
cessfully employed to determine SCFAs and BCAAs in human feces,
plasma and urine [153]. Amer et al. compared different methods
for extraction and direct derivatization of fecal metabolites. Short-
and long-chain fatty acids were derivatized with ethyl chlorofor-
mate. Results obtained showed that direct derivatization of 21 fecal
fatty acids using the ECF derivatization method, without aqueous
extraction step, ensures the highest recovery of volatile short-chain
and less water-soluble long-chain FFA. Additionally, ECF-ethanol
derivatization gave the highest peak intensity of derivatives, better
separation capability and derivatization purity.ECF derivatization
is a rapid reaction carried out at room temperature (at pH 5-6).
Under these mild conditions, no saponification and/or transes-
terification reactions would take place [149]. Cai et al. compared
two sample preparation protocols for GC-MS-based measurement
of three SCFAs in biological samples: the propyl esterification
method and acidified water extraction. For the propyl esterifica-
tion method, samples were derivatized at 60 “C for one hour, and
then were extracted with a two-step hexane extraction. In the
second protocol, spiked fecal samples were mixed with 1 mL of
water, homogenized, and the pH of the suspension was adjusted
to 2-3 by adding 12 M HCl. The acidified water method showed
a better recovery at higher concentrations, ranging from 87.6 %
to 118.9 %; however, it was inferior to the propyl esterification
method at lower concentrations. Nevertheless, the propyl esteri-
fication method presented better inter- and intraday repeatability
compared to the acidified water method, except for propionic acid.
To sum up, the propyl esterification method is highly recommended
for trace/ultra-trace detection of SCFAs in biological fluids. Because
of the more comfortable sample preparation procedure and short
run time, the acidified water method is more suitable for studies
with large quantities, including samples from large-scale human
studies [154]. Recently, Ueyama et al. [42] and Cheng et al. [155]
developed the methods for identification of SCFAs (3 molecules)
and BCFAs (4) using GC-MS. Both used freeze-dried fecal sam-
ples. In the study of Ueyama et al., derivatization with isobutyl
chloroformate was followed by liquid-liquid extraction with hex-
ane. In contrast, in the study of Cheng et al., PCF derivatization
was followed by liquid-liquid extraction with phosphoric acid.
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Both methods allow for reliable FAs measurement without labor-
intensive processes. Therefore, these freeze-drying procedures can
be applied in basic, clinical, and epidemiological studies

Before the analysis, SCFAs can be derivatized with such an
alkylation reagent as pentafluorobenzyl bromide (PFB-Br) [19,40].
PFB-Br derivatives are freely soluble in many water-miscible,
water-immiscible, protic and aprotic organic solvents of general
laboratory use, i.e., acetone, acetonitrile (can), methanol (MeOH),
ethanol or toluene. Because of these much favored physicochemi-
cal properties, PFB-Br emerged as the ideal derivatization agent for
highly sensitive GC-MS analysis of endogenous and exogenous sub-
stances using electron capture detection or after electron-capture
negative-ion chemical ionization [156]. In 2018, Hoving et al.
developed a fast, reliable and reproducible method with PFB-Br
for the separation and quantification of three SCFAs (AcA, PA and
BcA) in mouse feces with LOQ ranging from 1 to 20 M. [40]. In
the same year, He et al. also used PFB-Br to derivatize five SCFAs
(FA, AcA, PA, IBcA and BA) and three BCFAs (2-methylbutyric, iVA
and VA). This method was also successfully applied to analyze fecal
samples with the recovery rates for the eight FAs ranging from 55.7
% to 97.9 % [19]. To the best of our knowledge, it was the first
study [19] presenting simultaneous detection and quantification
of all straight-chain and branch-chain SCFAs. Park et al. devel-
oped a method for the GC-MS/MS determination of SCFAs (AcA,
PA, BcA) in aqueous fecal samples from rats. In this study, an in situ
extraction and derivatization were applied for the determination
of SCFAs using tetrabutylammonium hydrogen sulfate (TBAHS)
and pentafluorobenzyl bromide. TBAHS and PFB-Br showed highly
selective reactivity with carboxylic acids, enabling selective extrac-
tion. TBAHS, as the phase transfer catalyst, could readily convert
SCFAs into SCFA-TBA organic salts, which show good solubility
in organic solvents and can rapidly react with PFB-Br to form
SCFA-PFB derivatives. It is also important to note that the detec-
tion of SCFA-PFB derivatives needed specific MRM ion transitions
for MS/MS analysis, enabling high sensitivity, selectivity, and speci-
ficity for quantification of these three carboxylic acids. Excellent
linearity was obtained for all analytes (R2=20.99). Recoveries ranged
from 92.4 % to 113.1 %, with precision ranging from 0.2 % to 10.2 %,
indicating an excellent method accuracy and precision [151].

6.1.3. Headspace solid-phase microextraction with gas
chromatography

Derivatization methods described above confirmed that GC-MS
can be a suitable technique for volatile compounds analysis and
offers several derivatization protocols for these compounds; nev-
ertheless, a loss of SCFAs during sample extraction is expected
[152]. Due to this fact, alternative methods are still being sought.
Headspace solid-phase microextraction (HS-SPME) and/or sol-
ventless SPME extraction techniques have also been applied for the
extraction of volatile compounds from biological fluids. However,
fibers are relatively expensive and fragile, and such an approach
also requires additional devices for automated analysis [132].
Already in the year 2007, Garner and co-authors [157] developed
an SPME GC-MS method to measure volatile compounds from feces
for the diagnosis of gastrointestinal diseases. This was a direct
method without any pre-processing steps like liquid extraction,
but its detection was limited to such volatile compounds as SCFAs.
The method was not reliable for all FAs. Two years ago, [42,155].
Furuhashi et al. compared two methods used for fecal samples
preparation prior to GC-MS analysis of SCFAs. SPME method and
derivatization of the samples with isobutyl chloroformate in aque-
ous solution (without drying) were compared. It is remarkable that
this derivatization protocol can be conducted at room temperature.
The signal to noise ratio was compared between SPME and isobutyl
esterification methods. For most of the detected SCFAs isobutyl
esterification better s/n ratios were shown than those measured
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by SPME. Taking into account sensitivity, isobutyl esterification
can detect SCFAs from feces samples that are under the detection
limit for SPME [150]. Kim et al. developed a method for the quan-
tification of four SCFAs (acetic, propionic, butyric and valeric) by
use of gas chromatography with flame ionization detection (GC-
FID). Sample preparation consisted of the ethyl ether-hexane (1:1,
v/v) liquid extraction followed by the aminopropyl solid-phase
extraction (SPE) [144]. Bugelyte and coworkers, developed a sim-
ple derivatization prior analysis of a short-chain carboxylic acids
(lactic, oxalic, succinic, malic and citric) in dry mass with use of
headspace gas chromatography. BSTFA was used as a derivatiza-
tion reagent and dimethylformamide as a derivatization medium
procedure. This method was found as the fastest and cleanest
method for analysis of volatile organic compounds in solid or
liquid matrices. However, due to a low concentrations of the ana-
lytes in the headspace the limits of detection were high and the
method was not of practical use. To obtain lower detection limits,
higher boiling point solvents should be used. Wherefore methods
for determination of short-chain carboxylic acids using HS-GC still
need to be improved [132]. Fiorini and coworkers developed and
validated a quantitative method to analyze SCFAs in rat feces by
headspace solid-phase microextraction coupled to gas chromatog-
raphy (HS-SPME-GC). The addition of salt, base or acid during
sample preparation was tested. The best results were obtained
using the mixture of ammonium sulfate (NH4),SO4 and sodium
dihydrogen phosphate NaH,PO4 salts [158]. In the other study of
the same authors the same salt mixture was found beneficial, in
comparison to other commonly used salts for the HS-SPME extrac-
tion of SCFAs [159]. Based on these studies it can be concluded that
a sensitivity of the method for FFAs analysis can be improved sig-
nificantly when the (NH4),S04/NaH; POy salt combination, instead
of the more commonly used salts like NaCl and Na;SOy is used as a
salting outagent|[158,159]. In other research, Fiorini and coworkers
have shown that direct sampling of SCFAs from the headspace of the
matrix using a suitable SPME fiber, allows sufficient extraction effi-
ciency to detect the targeted analytes avoiding the derivatization
step. SCFAs were analyzed in fecal samples using such HS-SPME
mixed fibres as Divinylbenzene-Carboxen-Polydimethylsiloxane
(DVB-CAR-PDMS), CAR-PDMS or CAR-DVB. The method was fully
validated for linearity, sensitivity, accuracy, precision and matrix
effect and it was applied to quantify GM-related metabolites in real
samples [159].

6.2. Derivatization reagents used to modify fecal metabolites
before LC-MS analysis

Due to the high separation capabilities of liquid chromatogra-
phy and the high specificity of mass spectrometry [160], which
allow for the direct detection of a large number of molecules
[161], LC-MS/MS is now the most powerful and reliable analyti-
cal technique. The application of LC-MS to analyze fecal samples
is less common than that of GC-MS. This can be due to the fact
that a proper LC-MS quantification of highly polar compounds
like carboxylic acids in such complex matrices as feces is chal-
lenging [162]. Inherent low concentrations of metabolites, low
ionization efficiency, undesirable chromatographic behavior and
interferences of a complex biological matrix can be mentioned as
the more demanding tasks [163]. Hydrophilic properties of these
metabolites result in poor chromatographic separation and insuf-
ficient ionization in electrospray ionization (ESI) [33]. To overcome
these problems, several chemical derivatization methods or new
reagents have been introduced to quantify SCFAs and BCFAs using
LC (Tables 3 and 4). This process at the extraction stage offers a
suitable way to improve chromatographic behavior and sensitivity.
Moreover, the proper validation of a larger number of analytes is
allowed [161]. However, several critical factors must be considered,
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including the fast reaction time for high throughput, the feasibility
of reaction in the presence of water, the sensitivity of derivatives,
the applicability to CarAs and fast separation of SCFAs and struc-
tural isomers after the derivatization. Although derivatization is not
a mandatory step for LC-MS analysis of GM-related metabolites
[25], according to Song et al. the challenge lays on the detection
of SCFAs by LC-MS because m/z values were in the lowest range
of mass spectra, where numerous interfering peaks from solvents
and additives are present [33]. Eijk et al. proved that quantitation of
SCFAs by LC-MS, without chemical derivatization, requires harsh
experimental conditions, i.e., an aqueous mobile phase containing
1.5 mM HCl [164]. For this reason, in recent years, the expansion
of derivatization methods (Tables 3 and 4) for sample prepara-
tion before LC-MS analysis has been observed [ 165]. Derivatization
overcomes the problem of lack of sensitivity, what in the case of
metabolite analysis outweighs the inconvenience of this process
[163].

6.2.1. Commercially available derivatization reagents for LC-MS
analysis of GM-related metabolites

LC-MS-based metabolomics is a sensitive and widely applied
analytical tool [155]. The procedures for sample preparation are
typically simple, but currently lacks a standardized protocol for
handling human fecal samples to cover a wide range of volatile
metabolites [166-171]. Chemical derivatization methods for tar-
geted LC-MS analyses were developed in the 1980s, since then,
sample preparation methods of GM-related metabolites in biolog-
ical samples have considerably changed [160]. Already in the year
1985, Miwa et al. introduced a method to measure the concen-
tration of both volatile and non-volatile SCFAs as acid hydrazides
with standard high performance liquid chromatography (HPLC)
equipment. However, this method has not been applied to mea-
sure biological samples, such as feces or serum [172]. Torii et al.
used HPLC-UV method, based on 2-Nitrophenylhydrazine (2-NPH)
derivatization, for quantification of 12 SCFAs (AcA, BcA, iBcA, 2-
mBA, CA, iCA, crotonic, LA, PA, VA, iVA and SA) in feces. Excellent
linearity (between 4-500 pmol L) was obtained for all FAs.
Determined LOQs ranged from 0.01 to 0.03 pwmol g='. The disad-
vantages of this method were poor peak separation, application of
diethyl ether for extraction, an acidic mobile phase at pH 4.5 and
a high YMC-Pack FA 250 x 6 mm ID column temperature (50 °C)
which together limited the applicability of this method. Addition-
ally, the validation of the method was only carried out on major
SCFAs, while BCFAs were ignored. Moreover, only two trace SCFAs,
i.e., iVA and VA, were determined in the samples [173].

Inoue et al. improved the method of Miwa et al. [172] in which
HPLC with UV-vis diode detection (HPLC-UV-vis) was used to
determine 14 SCFAs species at pH 4.5. In this method, analytes
were derivatized with 2-NPH and separated on an octylsilyl col-
umn. However, during the analysis, similar limitations, as in the
study of Torri et al. [173], were observed. Inoue et al. also used
2-NPH as a pre-column derivatization reagent but in the presence
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride. 2-NPH derivatives of SCFAs and the internal standard were
separated successfully on an octadecyl silyl (C18) reversed-phase
(RP) at a very low pH of 2.5. The method was linear for all mea-
sured SCFAs in the concentration range of 0.5-50 pmol g=! (R?
> 0.998 for all cases) [174]. Recently, Wang et al. presented a
simultaneous quantitative analysis method for both, major and
trace, SCFAs and BCFAs by HPLC-UV under a mild reaction condi-
tion. Pre-column derivatization and solid-phase extraction were
used to determine SCFAs (AcA, PA and BcA) and BCFAs (isobu-
tyrate, 2-methylbutyrate, isovalerate, valerate, 3-methylvalerate,
isocaproate and caproate) in human feces. These metabolites were
converted to 3-nitrophenylhydrazine derivatives. The removal of
the coupling reagent and catalyst from the test solution by SPE
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segmental elution was another advantage and novelty of the pro-
posed method. Additionally, SCFA-derivatives were stable for 20 h
at room temperature, with RSD values below 0.68 %. Moreover, a
low limit of quantification (< 0.04 mM), linearity (R? = 0.998) at a
wide range of concentration (0.04-8.0 mM), and recoveries above
96 % were achieved. The main disadvantage of this method is the
time-consuming SPE segmental elution, which led to two different
eluents analyzed in two separate HPLC runs [175].

Several chemical derivatization methods have been previously
developed (Table 3) to overcome the above-mentioned problems
[176]. Increased size and hydrophobicity of the molecules after
the derivatization usually afford longer retention time on liquid
chromatography, what eliminates interferences related to the
early elution and co-elution from C18 types of columns of highly
polar nonderivatized SCFAs. The added functional group from
the derivatizing agent can potentially enhance the sensitivity
through more efficient ionization in ESI and/or generation of
unique and highly abundant fragment ions through more facile
collision-induced dissociation in the collision cell. A wide variety
of derivatization agents, including 2-picolyl amine (2-PA) [177] or
o-benzylhydroxyl amine (O-BHA) [64] can be used for the deriva-
tization of carboxylic acids with a short carbon alkyl chains prior to
LC—MS/MS analysis. Gomez-Gomez et al. have compared the util-
ity of mentioned reagents for the derivatization of carboxylic acids
in biological samples [161]. Derivatization with O-BHA showed
significant advantages over 2-PA derivatization. Better sensitivity,
more stable derivatives and the ability to validate a larger number
of metabolites, among others, can be mentioned. In another study,
Zeng et al. compered the effectiveness of four commercially avail-
able derivatization reagents, i.e. DmPA (dimethylaminophenacyl
bromide), PA, O-BHA and 3-NPH (3-nitrophenylhydrazine), for the
determination of nine SCFAs and BCFAs. The analytes were mea-
sured in fecal and plasma samples using HPLC-MS/MS. The results
showed that the signal of obtained derivatives was decreasing in
the following order: 3-NPH = DmPA > BHA > PA for SCFAs. How-
ever, acetate could only be detected either with O-BHA or 3-NPH.
Finally, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC)-catalyzed derivatization with O-BHA in
aqueous-organic solvent was chosen as the best method for
the detection of SCFAs, including particularly volatile acetic and
propionic acids. The optimized method demonstrated excellent
sensitivity and good separation of all isomeric analytes within a
short chromatographic time [64].

Considering the low molecular weight and volatility of SCFAs,
Ma et al. applied a new derivatization strategy [44]. The authors
developed an innovative LC-MS/MS method for the quantification
of seven SCFAs (AcA, PA, BcA, VA, iVA, hexanoic (HA) and iso-HA) in
plasma and feces. 2-bromoacetophenone (BP) was used as a deriva-
tization agent. The radical acid ions of SCFAs can react with BP by
nucleophilic substitution and become the corresponding esters. A
sodium carbonate solution was added to prevent volatilization and
facilitate the reaction. Due to reagent’s reactivity, a non-aqueous
solvent (acetonitrile) was used to eliminate the interference of
water and increase the reaction response. The method of Ma et al.
[44] was characterized by 200-2000-times improved sensitivity
in comparison to the conventional GC method [160]. Especially
for BcA, a low (1 ng mL~') limit of quantification was obtained,
1600-fold lower than in the case of GC method (1.6 g mL~"). The
above results suggest that the designed LC-MS/MS method with
derivatization is more sensitive and robust than the conventional
GC method for the measurement of SCFAs in biological samples
[44]. Nagatomo et al. used, for the first time, a simple, cost-effective
and rapid sample preparation method, such as QUEChERS (quick,
easy, cheap, effective, rugged and safe), for analysis of SCFAs in fecal
samples. In this method, derivatization with 2-PA was performed
and samples were analyzed with ultra-high performance liquid
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chromatography tandem mass spectrometry (UHPLC-ESI-MS/MS).
The developed method was used for simultaneous determina-
tion of 10 SCFAs (AcA, PA, BcA, iBcA, VA, iVA, 2-methylbutyric,
4-methyl-valeric, succinic and CA) in mice feces. Obtained recov-
ery values ranged from 89.7 % to 100.2 %. Chemical derivatization
with 2-PA provided such advantages as short reaction time (only
ten minutes), low LOD < 75 nM and LOQ < 100 nM, high repro-
ducibility (RSD from 2.1 to 9.2 %) and good linearity (R? >0.991).
The most significant disadvantage of this method is the high cost
and complex instrumentation setup needed [177].

6.2.2. Isotope-labeled chemical derivatization (ILCD) methods for
LC-MS analysis of GM-related metabolites

Isotope-labeled chemical derivatization (ILCD) provides sev-
eral analytical benefits for LC-MS/MS analysis (Tables 3 and 4),
i.e, increased detectability, specificity and chromatographic
performance as well as reduced matrix effects, which
lead to a high assay accuracy and precision [160]. Several
isotopically-labeled pairs of derivatization reagents, such
as  12C/13C,-para-dimethylaminophenacyl  bromide [178],
Do/D3-3-acyloxymethyl-1-methylpyridinium [179] and
Dg/Dg-cholamine [180] '3C,-dansyl chloride [181], among
others, have been used for the identification and relative quan-
titation of fatty acids by LC-ESI/MS. However, these reagents
were not explicitly developed for the targeted analysis of SCFAs.
On the other hand, LC-ESI-MS quantitation without the use of
isotopically-labeled IS makes the analysis questionable because of
the notorious matrix effects observed in ESI. Another disadvantage
of the ICD-based methods is the isotope effect in chromatography
[160]. The use of '>N-labeling is also a practical approach to avoid
chromatographic isotope effect which together with the lower
matrix effect, results in precise and accurate measurements of the
SCFAs in fecal samples [160].

Accordingly, in 2015, Han et al. developed a new
ILCD-LC/ESI-MS method for the analysis of AcA, PA, BA, iBcA,
VA, iVA, caproic acid and others in fecal samples. In this method,
3-NPH labeled with 12C/13C was used for sample derivatization.
The analysis was subsequently performed using a reversed-phase
Cyg column. The 3-nitrophenylhydrazone derivatives showed
excellent in-solution stability, which is very useful for high
throughput sample analysis. Derivatization with 13C labeled
3-NPH afforded for the generation of 3C labeled SCFA analogs.
Although this approach is so far the most comprehensive method
for SCFA labeling, it omits the detection and quantitation of
the main 5 SCFAs (determing thus pivalic, 2-ethylbutyric, 2,
2-dimethylbutyric, 3, 3-dimethylbutyric and 2-methylbutyric
acid) in human fecal samples. Moreover, 13 C-labeled 3-NPH is not
widely available and requires expensive custom synthesis. Addi-
tionally, the published methodology lacks a post-derivatization
quenching step, which could result in an unintended reaction
of 3-NPH with residual acetic acid, a common co-solvent in an
LC-MS/MS analyses. This method demonstrated good sensitivity
and other analytical validation parameters but, to fully resolve the
isomers, required a relatively long chromatographic time [161].
Recently, Liebish et al. improved this method, but only to quantify
four fecal SCFAs (AcA, PA, BcA and iBcA). The addition of formic acid
stopped the derivatization reaction. To perform accurate quan-
tification, for each straight-chain SCFA, a stable isotope-labeled
SCFA (['3C, D3]-acetic acid, [ D5 ]-propionic acid, [ D7 ]-butyric acid)
was added as IS. Additionally, this study demonstrated that the
fecal level of SCFAs may change rapidly in aqueous samples, and
the addition of organic solvents, such as isopropanol, stops SCFA
metabolism [50].

Chan et al. presented a novel method, with '2C-and *C-aniline
derivatization, for the separation, detection and quantitation of 12
SCFAs (AcA, BcA, CA, 2, 2-dimethylbutyric, 2-ethylbutyric, iBcA,
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isovaleric, 2-methylbutyric, 4 methylvaleric, PA, pivalic and VA)
in human infant stool samples. The analysis was performed using
LC-MS/MS within a short analysis time (15 min) on an Acquity
UPLC HSS T3 (2.1 mm x 100 mm, 1.8 wm) column. Novel sequen-
tial derivatization of endogenous and spiked SCFAs in stool via '2C-
and '3C-aniline, facilitated the accurate quantitation of '2C-aniline
derivatized endogenous SCFAs based on the calibration of exoge-
nously '3C-derivatized SCFAs. Despite extensive chromatographic
optimization, 3 SCFAs (3, 3-dimethylbutyric, 2-methylvaleric and
3-methylvaleric acid) could not be completely resolved chromato-
graphically. The use of readily available aniline, ring-labeled with
either '2C or '3, afforded convenient and cost-effective derivati-
zation of SCFAs. The effect of the SCFA/aniline/EDC ratio (1:5:2.5 or
1:10:5) on the performance of derivatization reaction was exam-
ined. Additionally, different reaction times and temperatures were
tested. Finally, the following optimal reaction parameters were
established: SCFA/aniline/EDC ratio of 1:10:5 at 4 °C for 120 min
[45].

In the previous studies, the authors mainly focused on alkyl
SCFAs, while many other important bioactive fecal SCFAs with
carbonyl, hydroxy and alkenyl groups have not been stud-
ied [45]. Recently, Zheng et al. developed a highly sensitive
method for simultaneous detection of 34 SCFAs by stable iso-
tope labeling coupled with UHPLC-ESI-MS/MS analysis. Isotope
labeling reagents, N-(4-(aminomethyl)benzyl)aniline (4-AMBA)
and N-(4-(aminomethyl) benzyl) aniline-D5(4-AMBA- Ds), were
synthesized to label SCFAs from the mice feces. The 4-AMBA-
Ds labeled SCFAs were used as internal standards to compen-
sate for the ionization variances resulting from a matrix effect
and thus minimizing a quantitation deviation in MS detection.
Thanks to this derivatization method, the following validation
parameters were obtained: low LODs (<0.005 ng mL™1!), excel-
lent linearity for 34 SCFAs (R? from 0.9846 to 0.9999) and the
intra- and inter-day relative standard deviations (RSDs) not higher
than 17.8 % and 15.4 %, respectively. SCFAs labeled with 4-AMBA
improved the separation of isomers by increasing the retention
of SCFAs on the reversed-phase column and enhanced the ion-
ization efficiency of SCFAs. In addition, 4-AMBA- D5 labeled SCFA
standards were used as the internal standards (IS) to ensure
accurate quantification in a complex matrix [41]. Yuan et al.
used newly synthesized four labeling reagents and their corre-
sponding isotope reagents, 2—-dimethylaminoethylamine (DMED,
D4- DMED), 2-(2-hydrazinyl-2-oxoethyl)isoquinolin-2-ium bro-
mide (HIQB and D;-HIQB), 4-(N,Ndimethylamino) phenylisoth-
iocyanate (DMAP, D4~DMAP) and w-bromoacetonylquinolinium
bromide (BQB and D7-BQB), to determine carboxyl, carbonyl,
amine and thiol compounds in fecal samples using LC—MS/MS
[182]. Wei et al. developed a novel derivatization method,
based on Dg/Dg-N, N-dimethyl-6, 7-dihydro-5H-pyrrolo 3, 4-D]
pyrimidine-2-amine (Dp/Dg—DHPP), for the global characteriza-
tion of 10 SCFAs and 30 OH-SCFAs in fecal, liver and serum
samples. Analyses were performed using UHPLC coupled with
high-resolution mass spectrometry operated in parallel reaction
monitoring mode. The MS response of SCFAs and OH-SCFAs was
relatively low due to a poor ionization efficiency in ESI source,
thereby reducing the sensitivity of detection. With this derivati-
zation strategy, SCFAs and OH-SCFAs were tagged by the DHPP
reagent. The introduction of the pyridine ring group and the tertiary
amine group into the products exerted two main effects contribut-
ing to the MS response enhancement. Firstly, the sensitivity was
much higher by changing the ionization mode to positive ionization
mode. Secondly, the ionization efficiency was elevated by increas-
ing the alkalinity of the targeted analytes, thereby improving the
sensitivity. The advantage of this newly developed method is a
short derivatization time (3 min), mild reaction conditions and the
ability to perform the analysis without the need of further sam-

90

ple purification. To achieve the optimal derivatization efficiency
the reaction conditions (catalyst, reaction time, reaction tempera-
ture and Do—DHPP concentration) were optimized and monitored
using LC—MS. The effects of different catalysts (EDCI, EDCI/HOAt
andEDCI/HOBt) on the efficiency of derivatization reaction were
compared. The best results were obtained when EDCI was used as
a catalyst [37].

Song et al. developed a fast and reliable derivatization protocol
with the use of 4-acetamido-7-mercapto-2, 1, 3-benzoxadiazole
(AABD-SH). The reaction was carried out for 5 min at room temper-
ature; derivatized samples were analyzed using LC-MS/MS [33].
Contrary, in other studies, the following optimal conditions for
the SCFAs derivatization reaction were determined: 30 min. at 40
°Cand 1 h at 25 °C for derivatization with 3-NPH [64] and O-
BHA [162], respectively. The method developed by Song et al. was
applied to measure 17 SCFAs in three biological matrices: mouse
feces and plasma as well as in human exhaled breath condensate.
SCFAs derivatized with AABD-SH resulted in a reasonable chro-
matographic separation and good electrospray ionization. The fact
that the reaction products kept at 4 °C were stable for a week is
remarkable. The specific detection of each SCFA was possible from
the unique fragmentation pattern during collision-induced disso-
ciation (CID). The derivatization of SCFAs with AABD-SH increased
the size and hydrophobicity of the molecules and resulted in longer
retention times in the reversed-phase chromatography. Shorter
SCFAs eluted earlier than longer SCFAs and straight-chain SCFAs
eluted later than the branched-chain SCFAs, as expected. This
method demonstrated good sensitivity and validation parame-
ters (LOQ = 0.293-1.030 .M, RSD < 8 %) and finally was applied
to profile SCFAs in mice feces obtained from animals on high-
or low-fat diets [33]. In the method proposed by Fu et al. [39]
seven SCFAs and BCFAs were converted into amide derivatives
with4-aminomethylquinoline (AMQ) which improved their stabil-
ity and enhanced chromatographic and MS performances. Analyses
were performed using UPLC-MS/MS method, which showed good
accuracy (85.5 %-104.3 %) and linearity in the range of concentra-
tion from 0.13 to 74.4 pmol g~'. The reaction conditions (room
temperature for 20 min) were relatively mild and fast compared to
those for 2NPH (40 °C for 30 min) [183], 3-NPH (40 “C for 30 min)
[50], 0-BHA (25 “C for 60 min) [64], 2-bromoacetophenone (40 °C
for 20 min) [44] or Dns-PP (37 °C for 150 min) [184].

6.3. Determination of GM-related metabolites without a
derivatization step

In the vast majority of published GC-MS and LC-MS methods
for the determination of SCFAs, derivatization is an unavoid-
able step [19,43,47,144,185]. However, new analytical methods
have demonstrated that clean-up, concentration and derivatiza-
tion steps are not always necessary and fatty acids can be analyzed
directly after a liquid-liquid extraction (LLE). Such an approach
allows for a shorter time of sample preparation and analysis
[42,186-190].

In 2012 Garcia-Villalba et al. optimized a fast and straightfor-
ward sample preparation protocol based on ethyl acetate extraction
and a short (14 min) GC-MS analysis. This method allows for
the quantification of six SCFAs in human and rat fecal samples.
Good recoveries, repeatability as well as high sensitivity make this
method suitable for the analysis of samples with low concentra-
tions of these compounds, ranging between 0.49 uM (0.29 ugg ') -
431uM (3.8 pgg')[186]. Recently, Zhang et al. used ethyl acetate
to extract six SCFAs and BCFAs from fecal samples. Analytes were
measured in extracted samples in only 13.5 min. The limits of detec-
tion and quantification using this method were 0.5-0.8 mg L~ and
0.8-1.0 mg L1, respectively [191]. Zhao et al. developed and vali-
dated a method for simultaneous GC-FID analysis of seven SCFAs in
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fecal samples in the range of concentration between 0.261 and 1.18
pg mL-1. The samples were analyzed directly after the extraction,
which was performed with 75 % aqueous ethanol solution contain-
ing 1 % hydrochloric acid (HCI). These results were contradicted
by Hsu et al. who tested six different organic solvents to extract
the SCFAs from fecal samples before GC-MS analysis. The list of
tested solvents included: methanol, acetonitrile, acetone, chloro-
form, ethanol and hexane. Compared to other solvents, methanol
showed the best extraction efficiency and minimal interferences
[192]. These solvent was used also in a previous study by Yu et al.
[193] during the analysis of metabolites in human feces. Accord-
ing to Hsu et al. the direct injection of methanol extracts led to the
damage of the inlet liner due to the accumulation of non-volatile
compounds from the fecal matrix [192]. Hano et al. showed that
rinsing feces with 2.5 % NaCl water allowed the robust extraction
of fecal metabolites encapsulated within the solid residue by elim-
inating unstable metabolites. Among the 86 metabolites identified
in the NaCl-rinsed fecal samples, 57 showed superior recovery,
indicating that NaCl is a better rinsing solvent, particularly for
amino acids, organic acids and fatty acids [194].

Phua et al. suggested that the freeze-drying (or lyophilization)
of feces could be used prior to a comprehensive determination
of metabolites [141]. The use of the lyophilization process before
SCFAs analysis can minimize not only the problems caused by
the water content but also provide better stability of the analytes
[192]. Fecal samples that were freeze-dried showed a significant
increase in the level of SCFAs, BCAAs and AAAs [53]. Hsu et al.
confirmed that six SCFAs studied by them were stable and their
recoveries were higher than 90 % after lyophilization [192]. In
2015, Etxeberria et al. used diethyl ether to extract SCFAs (acetate,
propionate and butyrate) from lyophilized feces [195]. In con-
trast, the purpose of the study conducted by Han et al. was to
develop a fast and accurate method for the GC-MS analysis of
SCFAs in mice feces utilizing less complicated procedures [196].
The authors shortened the time required for sample pretreat-
ment. In comparison to the method published by Etxeberria et al.
[195], in this novel method, the freeze-drying time was shortened
from 12 h to 3.5 h which allowed to complete the sample treat-
ment in one day [196]. Lotti et al. [187] optimized and validated
a GC-MS method for the analysis of fifteen short-chain, branched
chain and medium-chain fatty acids in the three human samples
(fecal water, fecal fermentation supernatants and plasma), without
derivatization and lyophilization step. In the first step of LLE opti-
mization, acidified water (pH = 2-3) extracts were directly injected
to GC, as described by Zhao et al. [197]. However, this method
was discarded due to poor reproducibility observed after a few
injections. It was caused by the contamination of inlet and ion
source with the water extracts, which affected MS performance.
Lotti et al. used different solvents (acidified water, diethyl ether,
dichloromethane, ethyl acetate and methyltert-butyl ether (MTBE)
to extract metabolites from fecal samples. Based on the obtained
results, recoveries ranging from 75.4 to 124.4 % and coefficient of
signals variation lower than 20 %, MTBE was found the most suit-
able extraction solvent [187]. Hsu et al. compared the utility of
chloroform, MTBE and butanol to extract SCFAs from fecal sam-
ples. Double extraction with butanol was selected as the most
appropriate [192]. Lopez Bascon et al. optimized a method with-
out a derivatization step and 186 metabolites were measured in
extracted samples. According to these results, a dual extraction
with ethyl acetate and MeOH or MeOH/water should be recom-
mended to fraction the metabolome of feces samples the same
solvent was used by Yu et al. in previous study in direct analysis
by LC-MS. It was confirmed that most compounds, 126 out of 186,
were detected with both extractants. However, 42 and 20 com-
pounds were only detected in ethyl acetate and MeOH extracts,
respectively [48].
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Cheng et al. used LC-MS to compare the loss of SCFAs (AcA, PA,
BcA, iBcA, VA, iVA and CA) during lyophilization or freezing of fresh
fecal samples. Both methods provided similar results. In the same
study, the authors observed a lower content of SCFAs in acidified
lyophilized fecal samples in comparison to fresh frozen samples. It
suggests that evaporation should be performed when pH is get-
ting closer to the pKa-values of the FAs [155]. Moosmang et al.
also reported a similar number of features between lyophilized
and fresh frozen fecal samples, indicating that the choice of method
does not affect metabolite coverage appreciably. On the other hand,
they also reported large discrepancies in signal intensities between
lyophilized and fresh frozen fecal samples. Based on these obser-
vations, the authors hypothesized that these discrepancies might
be related to improved extraction efficacy for the lyophilized mate-
rial [169]. In the latest research, Meulebroek et al. showed that the
recovery of volatile compounds could be significantly improved by
lyophilization, due to a change in volume of the liquid and the gas
phase [198].

To sum up, the use of fresh frozen or lyophilized samples for fecal
metabolomics is a matter of debate, since each of the procedures
may provide advantages and disadvantages [155]. Lyophilization
results in a richer profile of volatile organic compounds. However,
it may also add potential contaminants to the fecal samples, result-
inginincreased variability and promote degradation of metabolites
[199]. Additionally, lyophilization of the fecal sample can be an
extremely time-consuming process. For this reason, freeze-drying
can be considered as an alternative method for the preparation
of fecal samples. Furthermore, direct analysis of complex samples
may lead to a shorter column lifespan and shorter detection per-
formance due to the contamination of the chromatographic system
[200].

7. Conclusions and future perspectives

The results of the human and animal studies aiming to evaluate
the relationship between gut microbiota composition, GM-related
metabolites and metabolic diseases are often contradictory [56].
Therefore, further research is still needed to identify the influ-
ence of specific phyla, class, genera or species of gut bacteria
on metabolic phenotype. There is an increasing amount of evi-
dence that fecal metabolites may also play an essential role in
the development and maintenance of metabolic diseases [201].
Analysis of fecal metabolites is an emerging field that provides
an important piece of information about metabolism. The num-
ber and scope of the reviewed publications indicate a rapid growth
and improvement of analytical methods for the determination of
GM-related metabolites in fecal samples. Due to its higher sensi-
tivity, resolution, reproducibility and better reliability, GC-MS has
long been the preferred method for the analysis of volatile com-
pounds in biological samples. However, based on the reviewed
literature, in the last years, there has been considerable progress in
the LC-MS-based analytical methods for the determination of GM-
related metabolites in feces. Several novel and improved methods
for the derivatization of fecal metabolites prior to LC-MS analysis
have been published. The choice of the appropriate derivatiza-
tion method for the analysis of GM-related metabolites depends
on many factors. The selection of the best method is not an easy
task. For this reason, in Table 5, we compared the derivatization
methods described in this study, including the main advantages
and disadvantages. It may be useful for people conducting research
in this field. The preparation of fecal samples for LC-MS analysis
tends to be much less diverse and typically includes fewer steps
or parallel extractions than for GC-MS. Consequently, less com-
plicated sample treatment protocols decrease the risk of handling
and measurement error appearance. On the other hand, GC-MS
provides superior chromatographic resolution and peak shape in
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Table 5
Comparison of GC-MS and LC-MS derivatization methods for the analysis of GM-related metabolites in fecal samples.
Technique GC LC
Kind of analytes suitable for volatile or derivatized analytes suitable for non-volatile metabolites
The main purpose of the conversion of analytes into thermally stable, volatile provide the derivatives with better retention and
derivatization step molecules, ionization efficiency
Derivatization methods Silylation Acylation Commercially available ICD

Reagents react with active hydrogen
Total time of sample 45 min-26h
preparation
Time of derivatization 5 min-26h
step
Time of analysis 20 min-58min
Main advantages quantification of a large
number of metabolites during
non-targeted analysis
s require anhydrous reaction
Main disadvantages

conditions, time-consuming
process

react with polar functional
groups
1h20min-3.5h

1h-35h

21-58 min

faster than SIL, involves milder
reaction conditions (i.e.
aqueous medium and room
temperature), has better
reproducibility and stability,
derivatives are hydrolytically
stable

acylation derivatives can be
difficult to prepare; reaction
products often need to be
removed before the analysis

reagents
react with functional groups

5-45 min
5-30 min

4-60 min

replacing specific atoms by
their isotop

3 min-3h

3 min-3h

5-60 min

increasing evaporation and nebulization efficiency,
introducing chargeable or easily ionizable moieties and
aiding fragmentation in the MRM mode, increased
detectability, specificity and chromatographic
performance and reduced matrix effects, leading to a high

assay accuracy and precision

increased sample complexity,
recovery of derivative being
influenced by pH reagent and
formation of byproducts

isotope effect in
chromatography, limited
availability of stable
isotope-labeled analogs and

higher material cost
specific chemical reaction and a reactive functional group
in the target compound

comparison to LC-MS. Additionally, in the case of GC-MS mass
spectra generated by ionization-induced fragmentation are bet-
ter for metabolite identification. Conversely, GC-MS clearly shows
advantages over LC-MS in terms of deleterious matrix effects.
Therefore, the quantification of metabolites with LC-MS requires
the use of internal standards, ideally a stable isotope-labeled stan-
dard for each analyte. Undiscovered matrix effects may also be
a significant source of errors during LC-MS metabolic profiling,
especially in the case of heterogeneous samples like feces. In the
case of LC-MS analysis, separation of fecal metabolites is usually
performed using C18 type od columns, while in case of GC-MS
analysis, high-polarity polysiloxane polymer or nitroterephthalic
acid-modified polyethylene glycol columns are commonly used.

In conclusion, feces are a very complex and diverse matrix.
Despite all the studies discussed in this work, there is still much
research to carry out on this topic, in the analytical field to develop
an optimal method for the determination of GM-related metabo-
lites and in the biological field to seek for the association between
gut bacteria and state of health or disease.
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Abstract: Risk factors for type 2 diabetes mellitus (T2DM) consist of a combination of an unhealthy,
imbalanced diet and genetic factors that may interact with each other. Single nucleotide polymor-
phism (SNP) in the prospero homeobox 1 (PROX1) gene is a strong genetic susceptibility factor for
this metabolic disorder and impaired (-cell function. As the role of this gene in T2DM development
remains unclear, novel approaches are needed to advance the understanding of the mechanisms
of T2DM development. Therefore, in this study, for the first time, postprandial changes in plasma
metabolites were analysed by GC-MS in nondiabetic men with different PROX1 genotypes up to
5 years prior to prediabetes appearance. Eighteen contestants (12 with high risk (HR) and 6 with
low risk (LR) genotype) participated in high-carbohydrate (HC) and normo-carbohydrate (NC) meal-
challenge tests. Our study concluded that both meal-challenge tests provoked changes in 15 plasma
metabolites (amino acids, carbohydrates, fatty acids and others) in HR, but not LR genotype carriers.
Postprandial changes in the levels of some of the detected metabolites may be a source of potential
specific early disturbances possibly associated with the future development of T2DM. Thus, accurate
determination of these metabolites can be important for the early diagnosis of this metabolic disease.

Keywords: NC/HC-meal intake; PROX1; plasma; GC-MS; metabolomics; prediabetes; T2DM;
carbohydrates; amino acids; fatty acids

1. Introduction

Type 2 diabetes mellitus (T2DM) is a complex polygenic disorder [1] characterised by
the incapability of pancreatic B-ells to increase insulin secretion to compensate for insulin
resistance (IR) in peripheral tissues [2]. According to the latest epidemiological studies,
the prevalence of people with T2DM worldwide was 463 million in 2019, and this number
is expected to increase to 592 million by 2035 [3] and 629 million by 2045 [2]. However,
rapid implementation of appropriate prevention and treatment strategies is challenging
due to problems with the diagnosis of T2DM in its early stages. The main reason is that the
symptoms of T2DM are not obvious or only partially manifested at the beginning of the
disease [4]. Additionally, conventional clinical and blood biomarkers, such as BMI, fasting
blood glucose or HbAlc levels, are well-established predictors but remain imperfect and
provide limited insight regarding underlying pathophysiology [5].
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It was confirmed that risk factors for T2DM consist of a combination of an imbalanced
diet, sedentary lifestyle and genetic factors that may interact with each other [1]. A
proper diet and systematic physical activity are essential lifestyle determinants of potential
T2DM development. However, the role of these modifiable factors in the prevention of
T2DM strongly depends on genetic susceptibility. Therefore, an indication of T2DM risk
subgroups with genetic characteristics known to promote disease development, especially
sensitive to specific foods, nutrients or physical activity, may help design and implement
individualised and targeted intervention and/or prevention strategies [6]. We have been
progressing our understanding of the genetic susceptibility to T2DM, including single-
nucleotide polymorphisms (SNPs) of particular genes. Several genes have been identified
that may be associated with T2DM; among these, the prospero homeobox 1 (PROX1) is
considered an important gene for T2DM risk due to its function regulating glucose-induced
insulin secretion [7]. Already, in the year 2005, Harvey et al. [8] reported an animal model
in which PROX1 heterozygous adult mice became obese and had higher serum insulin
levels and hepatic lipid accumulation. In the study conducted by Kretowski et al. [9],
it was reported that people who possess this variant are more glucose intolerant and
have more visceral fat than people lacking it. It was also indicated that mechanisms by
which the PROX1 gene affects the susceptibility to T2DM seem to be more complex [9].
Thus, identifying individuals with high risk for T2DM and elucidating the underlying
mechanisms is crucial for developing effective strategies to prevent this disease [5].

The surge in the prevalence of T2DM during the past several decades cannot be
explained by only genetic factor alone. It was confirmed that inappropriate diet combined
with a genetic predisposition might be a factor accelerating specific changes in the metabolic
profile of people susceptible to T2DM. However, reproducible data supporting gene—diet
interaction are still sparse, and little knowledge about gene—diet interactions has been
applied in public health practice. Thus far, only a few studies have indicated interactions
between specific dietary components and individual genetic variants [1,10,11]. Yet, some
findings have been replicated, and it is unclear whether the importance of overall dietary
habits, including T2DM-related food intake, differs depending on the overall genetic
profile [1]. Our recent study [11] was the first to study the influence of PROX1 gene—diet
interaction on the plasma metabolome of healthy genetic risk carriers. In this study, liquid
chromatography quadrupole time-of-flight mass spectrometry (LCQTOF-MS) was used
to evaluate postprandial changes in plasma metabolites during the high-carbohydrate
(HC) and normo-carbohydrate (NC) meal-challenge tests in nondiabetic men with different
polymorphisms in the PROX1 rs340874 gene. This study revealed that plasma metabolites
postprandially changing in the high-risk PROX1 genotype carriers belong to T2DM-related
metabolic pathways [11].

Metabolomics has already allowed the identification of metabolites that can serve as
potential biomarkers for the diagnosis or treatment of T2DM [12]. The relationships be-
tween metabolites level and insulin resistance [13,14], prediabetes [15,16] and T2DM [4,17]
have been evaluated in several studies using mass spectrometry (MS) coupled with gas
(GC) or liquid (LC) chromatography. Thus far, metabolites such as aromatic amino acids
(AAAs), branched-chain amino acids (BCAAs), sugar metabolites and gluconeogenesis
substrates (including glucose and fructose), and finally, different lipid subclasses (such
as phospholipids, sphingomyelins, triglycerides and also specific lipids), identified using
high-throughput metabolomics, have been associated with T2DM or different stages of its
development. Considering metabolomics research, LC-MS and GC-MS are complementary
platforms [5], and reviewed literature indicate that many T2DM-related plasma or serum
metabolites can be measured using GC-MS [18-20]. Additionally, GC-MS is one of the
most efficient, reproducible and convenient methods for quantitative and comprehensive
metabolomics analysis due to its robustness, excellent separation capability, selectivity and
sensitivity [19].

Genetic susceptibility to type 2 diabetes includes single-nucleotide polymorphisms
(SNPs) of several genes. Prospero-related homeobox 1 (PROX1) plays pivotal roles in
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the embryonic formation of several organs and tissues, including liver, pancreas, eye,
lymphatic vessel, nerve and cardiac muscle in mice [1-4] and a meta-analysis of a genome-
wide association study revealed that the rs340874 SNP in the PROX1 gene is associated
with type 2 diabetes reported in an animal model in which PROX1 heterozygous adult
mice become obese and had higher serum insulin levels and hepatic lipid accumulation.

The present study is a continuation of the above-mentioned study of Adamska-
Patruno et al. [11]. To complement previous meal-challenge metabolomics results, in
the present work, metabolites were measured in samples from the same patients using
GC-MS. Of note, participants of this study were recruited from the cross-sectional study
called 1000 PLUS, which has been described in details previously [21]. We have recently
performed 5-years of follow-up visits with the individuals from the 1000 PLUS cohort [22].
Interestingly, half of the risk carriers from the present study participated in the follow-up
visit, and we observed that their parameters assessing glucose homeostasis (e.g., fasting
plasma glucose, HOMA-IR, HbAlc) have worsened, indicating the development of a
prediabetic state. Therefore, obtained results revealed novel meal-affected metabolites,
which may be connected with the process of T2DM development within the next 5 years.
Consequently, this study is of great importance, as it provides new insights into PROX1
gene—diet interactions and potential T2DM development.

2. Materials and Methods
2.1. Samples

The study was conducted on selected Polish-origin Caucasian volunteers recruited
to the meal-test study from the previously described [11,21] 1000 PLUS cohort. This trial
was registered at www.clinicaltrials.gov (accessed on 15 April 2021) as NCT03792685.
Taking into consideration the fact that investigated factors can be characterised by sexual
dimorphism [23], only male participants were included in the study group. Participants
(n = 18) were divided into 2 groups based on the PROX1 rs340874 genotypes: the homozy-
gous carriers of high-risk (HR) allele C (CC genotype, n = 12) and carriers of low-risk
(LR) allele T (TT genotypes, n = 6). When the meal-challenge study was conducted, all
participants did not suffer from T2DM, prediabetes or other disorders and did not receive
any treatment that might affect the results. Based on the daily physical activity measure
assessed with the use of self-administered questionnaires [24], all participants were clas-
sified as having moderate or high (the majority of the participants) physical activity. A
daily energy intake was also similar for all participants (1991.8 & 529.7 kcal) with 20.4%
+ 4.4% (19.4% £ 1.4% vs. 21.6% + 4.3% for LR vs. HR, p = 0.4) of energy from protein,
33.6% = 5.8% (33.9% =+ 10.0% vs. 31.7% =+ 5.3% for LR vs. HR, p = 0.9) from fat and 42.0%
+6.3% (41.4% =+ 6.2% vs. 42.7% =+ 6.8% for LR vs. HR, p = 0.9) from carbohydrates. Five
years after the first examination, subjects from the 1000 PLUS cohort were called for a
follow-up visit [22]. Seven individuals from the risk carriers group responded to this
call, and for six of them, we observed worsening of selected clinical parameters assessing
glucose homeostasis (e.g., fasting plasma glucose, HOMA-IR, HbAlc), indicating the devel-
opment of prediabetic state manifested by increased (within the range of 100-125 mg/dL)
fasting plasma glucose (three individuals) or increased (within the range of 5.7-6.4%)
HbA1c value (two individuals) or insulin resistance (HOMA-IR = 4.6, one individual).

2.2. Regents

Pentadecanoic acid (99%), methyl stearate standards, HPLC grade methanol and
silylation-grade pyridine were purchased from Sigma-Aldrich (Steinheim, Germany).
Reagents for derivatisation (O-methoxyamine hydrochlorideand BSTFA:TMCS (N,O-Bis
(trimethylsilyl)trifluoroacetamide with 1% Trimethylchlorosilane), 99:1 (SylonBFT)) were
purchased from Sigma-Aldrich (Steinheim, Germany) and Supelco (Belle-fonte, PA, USA),
respectively. Two standard mixes for GC-MS, one containing grain fatty acid methyl esters
(C8:0-C22:1, n9) and another standard mix with a mixture of n-alkanes (C8-C40) and
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analytical grade heptane, were purchased from Fluka Analytical (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany).

2.3. Working Solution and Standards

Individual stock solutions of 4-nitrobenzoic acid (4-NBA) and methy]l stearate (IS)
were prepared in methanol and stored at —20 °C. These solutions were used to prepare an
intermediate solution of each compound which were stored at 4 °C during the working
week and appropriately diluted on the day of the analysis.

2.4. Ethics

The study procedures were conducted in accordance with all of the ethical stan-
dards of human experimentation and with the Declaration of Helsinki. The study protocol
was approved by the local Ethics Committee (Medical University of Bialystok, Poland, R-I-
002/35/2009), and before any study procedures, all the participants signed informed consent.

2.5. Meal Challenge Tests

The volunteers were studied twice, within an interval of 2 to 3 weeks, in random
order. Participants were instructed to avoid coffee, alcohol and excessive physical exercise
on the day before each test and to maintain their regular lifestyle throughout the study.
After fasting blood collection, participants received a standardised HC-meal (300 mL,
Nutridrink Juice Style, Fat Free, Nutricia, Poland), which provided 450 kcal (89% of energy
from carbohydrate—around 100 g, 11% from protein—around 12 g and 0% from fat, or
an NC-meal (360 mL, Cubitan, Nutricia, Poland), providing 450 kcal (45% of energy from
carbohydrate—around 50 g, 30% from protein-around 34 g and 25% from fat—around 13 g,
choline 69 mg/100 mL). The blood for metabolomics analyses was collected at fasting state
and 30, 60 and 120 min after meal intake.

2.6. Metabolomics Analysis

Metabolite extraction was performed as described by Dudzik et al. [25] with a small
modification. Plasma (40 pL) was deproteinised with 120 pL of 25 ppm 4-NBA in cold
acetonitrile (1:3, —20 °C), followed by two-step derivatisation: (i) methoximation with
O-methoxyamine hydrochloride in pyridine (15 mg/mL, room temperature, 16 h) followed
by (ii) silylation with BSTFA containing 1% TMCS (70 °C, 1 h). Metabolic fingerprinting
(MF) was performed using an HP 6890 Series GC system equipped with an HP 6890
autosampler and a Mass Selective Detector 5973 (Agilent Technologies, Palo Alto, CA,
USA). 1 uL of the derivatised plasma sample with IS was injected onto a DB-5MS capillary
GC column (30 m x 0.25 mm x 0.25 um) using helium as carrier gas at a constant gas flow
of 1.0 mL/min. The injector temperature was set at 250 °C and the split ratio to 1:10. The
temperature gradient program started at 60 °C held for 1 min, followed by a subsequent
increase in temperature to 320 °C at a rate of 10 °C/min. The GC-MS transfer line, filament
source and the quadrupole temperature were set at 280, 230 and 150 °C, respectively. The
electron ionisation (EI) source was set at 70 eV, and the mass spectrometer was operated in
full scan mode, applying a mass range from m/z 50 to 600 at a scan rate of 1.38 scan/s.

2.7. Quality Control Samples

To determine the reproducibility of plasma sample preparation and the stability of
the analytical platform used, several QC samples were prepared by mixing equal volumes
of all analysed samples. Subsequently, preparation of the QC samples was performed
using the same procedures as was described above. QC runs were performed prior to the
analysis of all plasma samples until system equilibration was achieved.

2.8. GC-MS Data Treatment

Total ion chromatograms (TICs) obtained after the analysis were inspected based on
both, quality of the chromatograms and internal standard signals. At first, samples were
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processed with Mass Hunter Workstation GC/MS Translator software (version B.04.01) in
order to make them compatible with the Mass Hunter Quantitative data analysis (version
B.08.00). The resulting data files were exported to Agilent Mass Hunter Unknowns Analysis
Tool (version 7.0) for the deconvolution process and metabolites” identification based on
GC-MS raw data. In order to obtain a chemical identity of the compounds, the software
executed a search against two target libraries. Fiehn’s library (version 2013) was used
to compare retention time (RT) and spectra extracted during the deconvolution against
each compound included in the library. For the non-identified compounds, a mixture of
n-alkanes, that was analysed at the beginning of the analytical run was used as a reference
for retention time and retention index (RI) comparison with a commercial NIST (National
Institute of Standards and Technology) spectral library (version 2.2, 2019). Metabolites
with spectrum score higher than 80% and concordant RI based on the alkanes scale were
putatively identified using the NIST library. Data obtained by the Unknown Analysis Tool
were aligned using Mass Profiler Professional B.12.1 (Agilent Technologies, Santa Clara,
CA, USA). Then, Agilent Mass Hunter Quantitative Analysis (version B.08.00) was used
for the assignment of the target and qualifiers ions and peak area integration. Prior to the
statistical analysis, sample areas were normalised by methyl stearate abundance in order to
minimise the response variability coming from the instrument. Finally, data were filtered
based on the coefficient of signal variation (CV) in QC samples, considering values lower
than 30% as acceptable.

2.9. Pathway Analysis with MetaboAnalyst

Metabolic pathway analysis was performed to identify clusters of metabolites related
to key cellular signalling and metabolic networks, which may provide mechanistic insight
into the underlying biology of differentially expressed metabolites. For this purpose,
MetaboAnalyst 5.0 (http://www.metaboanalyst.ca, accessed on 5 June 2021) was used,
and pathway analysis was performed for statistically significant metabolites detected in
this and our previous [11] study. To increase the specificity of the results, Homo sapiens
organism was selected in the KEGG database.

2.10. Statistical Analysis

Statistical analysis was performed for NC- and HC-meal independently. Due to
the small number of contestants in each group, non-parametric tests were chosen. The
Wilcoxon signed-rank test was performed to study the differences between metabolites
level in dependent samples (the level of the metabolite in 30’, 60" and 120’ after meal intake
compared to their fasting level), whereas the Mann-Whitney U test was used to test the
differences between the level of metabolites in the fasting state of HR- and LR-genotype
groups. Statistical analysis was performed using the R software environment (version 4.0.0,
https:/ /www.R-project.org/, accessed on 15 February 2021).

3. Results
3.1. Baseline Characteristics

The baseline characteristics of the studied population are presented in Table 1. The
groups were well matched without any between-group differences in age, anthropometric

measurements (body mass index (BMI), body fat and fat-free mass content), fasting glucose
and insulin level, as well as HOMA-IR, HOMA-B and glycated haemoglobin (HbA1lc).
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Table 1. Baseline characteristics of the study groups.

LR Genotype Carriers HR Genotype Carriers 14

Age (years) 358+69 352 +9.0 0.88

Weight (kg) 91.8 £222 93.6 +23.5 0.89

Body mass index (BMI) (kg/m?2) 28.1+54 29.1+78 0.79

Body fat content (%) 236+77 23.8+9.6 0.96

Fat-free mass (%) 76.29 +10.1 743 4+9.0 0.88

Waist (cm) 105.5 £ 21.5 107.4 £ 21.3 0.94

Hip (cm) 108.0 + 10.0 104.4+ 15.6 0.79

WHR 0.97 +£0.11 1.03 £0.16 0.66

Fasting glucose concentration 847 + 51 862 +76 0.65
(mg/dl) S o )

Fasting insulin activity (IU/mL) 9775 104 +8.7 0.87

HOMA-IR 2.1£1.8 2:2.%11:9 0.89

HOMA-B 150.2 +81.4 188.2 4 156.3 0.53

HbAlc 52+0.3 52+05 0.77

3.2. Metabolomics Results

A GC-MS-based approach was applied for plasma metabolomics analysis of plasma
samples from 18 patients. Considering the fact that the run time per sample is 37.5 min,
samples were analysed in two analytical batches, according to the type of meal taken (NC-
and HC-meal).

First, 525 and 624 raw peaks after the NC-meal and HC-meal were observed in GC-MS
data, respectively. After data pretreatment (deconvolution, alignment, data normalisation
and filtering), 125 entities were obtained. Finally, 58 metabolites with CVs below 30% in the
QC samples of HC- or NC-meal analyses were annotated. In total, 15 significantly different
(p < 0.05) metabolites were identified (Figure 1). Similarly to our previous study [11], at the
fasting state, we did not observe any significant differences in metabolites’ levels between
studied groups. Whilst postprandially, the HR genotype carriers presented differences
in the level of 11 and 5 metabolites after HC- and NC-meal intake, respectively. In the
case of LR genotype carriers, we have not observed any metabolites significantly changing
postprandially. In the case of LR genotype carriers, we did not observed any metabolites
significantly changing postprandially. Metabolites significant in the PROX1 low- (LR)
and high-risk (HR) genotype men after HC-meal and NC-meal intake are presented in
Tables 2 and 3, respectively.
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Figure 1. Total ion chromatogram (TIC) of plasma profile obtained by GC-MS with marked statistically significant metabolites.
1. Alanine, 2. Histidine, 3. Creatinine, 4. Norleucine, 5. Galactosamine, 6. Galactose, 7. Allose, 8. Fructose, 9. Glyceric acid, 10.
Palmitic acid, 11. 5-Keto-D-gluconate, 12. Gluconic acid, 13. Tyramine, 14. Uric acid, 15. a-Hydroxybutyric acid.
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Table 2. The percentage differences in postprandial plasma metabolite levels after HC-meal intake in the PROX1 low- (LR)
and high-risk (HR) genotype men. Metabolites that showed statistical significance after Wilcoxon signed-rank test. Mass
found in the Human Metabolome Database (HMDB) (http:/ /www.hmdb.caaccessed, on 20 April 2021); RT, retention time
expressed in minutes; p value; * p value for between-groups comparison (Mann-Whitney U test); CV, coefficient of variation
of the metabolites in the QC samples; FC, fold change in the comparison. Eight individuals from the HR group participated
in HC-meal.

Mass  Molecular RT  Timeafter ~ HR-HC-Meal LR-HC-Meal Gy *p Value
Compound (B)  Formula (min)  Meal . HMDBCode
p Value FC p Value FC
Amino acids, peptides and analogues
s 0'-60" 0.04 1.90 0.19 1.52 0.02
Histidine 1551546  CeHoN3;O2  17.20 0-120' 0.02 220 019 130 27 1.00 HMDB00177
Creatinine 1131179 GHN;O - 13.60 0'-30' 0.04 0.70 0.63 0.89 22 043 HMDB00562
Carbohydrates and carbohydrate conjugates
0-30' 0.008 1.61 0.13 1.50 0.66
Galactosamine 221.2078 CsHisNOs  17.40 060’ 0.008 191 0.19 149 9 0.54 HMDB00803
0'-120 0.008 1.89 031 127 0.43
0'-30' 0.008 1.61 0.19 145 0.54
Galactose 180.1559 CeH1206 17.30 0'—60’ 0.008 1.89 0.31 143 10 0.66 HMDB00143
0'-120' 0.008 1.95 044 122 043
0'-30" 0.008 2.89 0.44 146 0.66
Allose 1801559  CeHi2Os  17.54 0'-60' 0.008 204 044 1.50 9 0.54 HMDB01151
0'-120' 0.008 192 0.63 053
0-30' 0.008 1.82 0.63 1.29 0.13
Fructose 180.1559 CsHi206 17.00 060’ 0.02 1.60 0.44 144 13 0.33 HMDB00660
0'-120" 0.008 178 0.86 140 0.54
Hydroxy acids and derivative
0'-30' 0.008 1.66 0.13 1.51 0.43
5-Keto-gluconate 194.1394 CeH1007 17.53 0'—60’ 0.008 2.02 0.31 149 9 0.54 HMDB11731
0'-120 0.008 192 031 128 043
— 060’ 0.008 121 044 115 0.66
«-Hydroxybutyric acid 104.1045 C4Hs03 7.70 0'-120' 0.008 133 0.81 1.05 10 0.54 HMDB00008
Fatty acids and conjugates
Palmitic acid 256.424 CisH302 18.85 0'—60' 0.02 142 0.19 0.39 22 0.54 HMDB00220
Phenethylamines
0-30' 0.008 1.66 0.81 1.03 0.03
Tyramine 137.179 CsHiuNO  17.60 0'-60" 0.008 297 0.81 1.02 11 0.05 HMDB00306
0'-120 0.008 1.95 1.00 0.87 0.08
Purines and purine derivatives
Uric acid 168.1103 CsHyN4O;  19.30 0'-120' 0.04 0.53 0.58 1.25 27 0.54 HMDB00289
Table 3. The percentage differences in postprandial plasma metabolite levels after NC-meal intake in the PROX1 low- (LR)
and high-risk (HR) genotype men. Metabolites that showed statistical significance after Wilcoxon signed-rank test. Mass
found in the Human Metabolome Database (HMDB) (http://www.hmdb.ca/accessed, on 20 April 2021); RT, retention time
expressed in minutes; p value; * p value for between-groups comparison (Mann-Whitney U test); CV, coefficient of variation
of the metabolites in the QC samples; FC, fold change in the comparison. Ten individuals from the HR group participated in
NC-meal (six common with HC-meal).
Ccv * p Value
Mass Molecular RT Time after HR-NC-Meal LR-NC-Meal (%) roups
Compound (DB) Formula  (min) Meal = P HMDB Code
p Value FC p Value FC
Amino acids, peptides and analogues
" 0'—60' 0.04 2.00 0.13 1.26 0.91
Alanine 146.1876 CeHuuNO0, 74 0-120' 0.02 370 0.88 121 25 0.01 HMDB00161
: 0'-30' 0.006 230 0.88 0.95 0.11
Norleucine 131.173 CsHi3NOz 8.53 060" 0.04 227 0.25 1.75 24 0.60 HMDB01645
Carbohydrates and carbohydrate conjugates
P 0'—60' 0.04 1.88 0.63 117 0.11
Gluconic acid 196.1553 CeH1207 17.62 0-120' 0.01 347 013 24 14 017 HMDB00625
Glyceric acid 106.0773 C3HgO4 9.80 0'-120' 0.002 177 0.13 173 10 0.02 HMDB00139
Fatty acids and conjugates
Palmitic acid 256424  CigHnO; 1885 0'-60' 0.01 1.62 0.13 0.62 29 091 HMDB00220
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Pathway mapping using MetaboAnalyst 5.0 showed that significant metabolites iden-
tified in the present study using GC-MS (Figure 2, panel A) and in the previous study [11]
using LC-QTOF-MS (Figure 2, panel B) belong to different metabolic pathways. It proves
that both analytical platforms provide complementary results. Pathway analysis based
on GC-MS data revealed several pathways, including glycerolipid metabolism, histidine
metabolism, pentose phosphate pathway or amino sugar and nucleotide sugar metabolism,
where disturbance may lead to T2DM development. Metabolic pathways pointed based on
LC-MS data are also important in the development of T2DM. Detailed information about
all performed pathway analyses are provided in Figure 2, Tables 4 and 5.
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Figure 2. The results of biochemical pathways analysis performed for metabolites detected by GC-MS (panel A) and by
LC-QTOF-MS (panel B).

Table 4. Metabolic pathways corresponding to significant metabolites identified in plasma samples with GC-MS.

No. of Metabolites No. of Metabolites

Patloiey Name in the Pathway Detected in Plasma 7 -valae  Pethywaylmipact
Pentose phosphate pathway 22 2 0.018 0.047
Amino sugar and nucleotide sugar metabolism 37 2 0.048 0.000
Aminoacyl-tRNA biosynthesis 48 2 >0.05 0.000
Glycerolipid metabolism 16 1 >0.05 0.093
Histidine metabolism 16 1 >0.05 0.221
Selenocompound metabolism 20 1 >0.05 0.000
beta-Alanine metabolism 21 1 >0.05 0.000
Propanoate metabolism 23 1 >0.05 0.000
Galactose metabolism 27 1 >0.05 0.053
Alanine, aspartate and glutamate metabolism 28 1 >0.05 0.000
Glyoxylate and dicarboxylate metabolism 32 1 >0.05 0.080
Glycine, serine and threonine metabolism 33 1 >0.05 0.024
Biosynthesis of unsaturated fatty acids 36 1 >0.05 0.000
Fatty acid elongation 39 1 >0.05 0.000
Fatty acid degradation 39 1 >0.05 0.000
Tyrosine metabolism 4?2 1 >0.05 0.024
Fatty acid biosynthesis 47 1 >0.05 0.014
Purine metabolism 65 1 >0.05 0.000
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Table 5. Metabolic pathways corresponding to significant metabolites identified in plasma samples with LC-MS.

No. of Metabolites No. of Metabolites
Eatlusay Name in the Pathway Detected in the Plasma ~ P-value  Pathway Impact
Linoleic acid metabolism 5 1 0.022 1.000
Taurine and hypotaurine metabolism 8 1 0.036 0
Arginine biosynthesis 14 1 0.062 0.061
Glutathione metabolism 28 1 0.120 0
Biosynthesis of unsaturated fatty acids 36 1 0.152 0
Glycerophospholipid metabolism 36 1 0.152 0.017
Arachidonic acid metabolism 36 1 0.152 0.076
Arginine and proline metabolism 38 1 0.160 0.111
Primary bile acid biosynthesis 46 1 0.190 0.008

The graphics contain all the matched pathways arranged by log(p) values (from
pathway enrichment analysis) on the y-axis, and pathway impact values (from pathway
topology analysis) on the x-axis. The node colour is related to the pathway p-value, and
the node radius is determined based on the pathway impact value. The dots symbolise
modulated pathways (one dot—one biochemical pathway). Their localisation is dependent
on the impact of a pathway in the whole analysis and its statistical significance. The
pathway impact is the impact value calculated from pathway topology analysis. The
total/maximum importance of each pathway is 1.

4. Discussion

The pathogenesis of T2DM is complex [2], and is characterised by the following
triad: genetic predisposition, environmental factors and acquired organ dysfunction. The
genetic predisposition to T2DM accompanied by such environmental factors as diet and
sedentary lifestyle, along with 3-cell dysfunction, IR and hepatic glucose production, leads
to prediabetes and T2DM [1].

Meta-analyses of genome-wide association studies have confirmed that the rs340874
single-nucleotide polymorphism in the PROX1 gene is associated with fasting glycemia
and T2DM [26]. However, the mechanism of this link is not fully established [9]. Genetic
predisposition—diet interaction is considered as one of the components of this mecha-
nism [27]. We have previously investigated the effect of the meal-challenge test on the
plasma metabolome of individuals with a different genetic predisposition to T2DM in
the PROX1 gene using LC-QTOF-MS [11]. However, to the best of our knowledge, how
PROX1 SNPs is related to the postprandial changes of plasma metabolites has not yet been
investigated by GC-MS, an analytical platform complementary to LC-MS in metabolomics
studies [28].

Therefore, we selected this technique to measure plasma metabolites at fasting and
postprandial state to explore the impact of the rs340874 SNPs in the PROX1 gene on human
metabolism. Metabolites detected in the present study were found to be associated with
several metabolic pathways (Figure 2), which have already been linked to prediabetes
and T2DM [16]. Furthermore, these significant metabolites belong to different chemical
classes, i.e., amino acids, carbohydrates, hydroxy acids and others (Figure 3), and using
such division are described below.

Carbohydrates are one of the three macronutrients in the human diet, along with
protein and fat. As the role of dietary carbohydrates in the development and maintenance
of T2DM receives now increasing attention [29], the participants of this study underwent an
HC-meal challenge test. The progress of T2DM is often explained by excessive consumption
of high-carbohydrates and high-calorie diets [30]. There is a lot of systematic reviews and
meta-analyses describing the effect of low carbohydrate diet [29,30] in comparison to
normal or high carbohydrate diet [11,27,31] in patients with T2DM, but only some of
these studies described the post-meal changes in patients with a genetic predisposition to
T2DM [1,11,27].
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Figure 3. The summary of metabolic alternations observed after NC- and HC-meal intake. AA—Amino acids, CH—
Carbohydrates, HA—Hydroxy acids, DI—Dicarboxylic acids, FA—Fatty acids, PH—Phenethylamines, PU—Purines,
KA—Keto acids. Red arrows indicate a decrease, whereas green arrows indicate an increase in the metabolite level in HR
genotype compared to the LR genotype. Transverse stripes show metabolites common between two meals.

According to the literature review, among compounds involved in carbohydrate
metabolism, the levels of malic acid, glucose, mannose, fructose, inositol, sorbitol, xylose,
gluconic acid, glucuronic acid and fumaric acid were increased [32-34], whereas the
levels of pyruvic acid, deoxygalactose, glycerol-3-phosphate and 1,5-anhydroglucitol were
decreased in T2DM [28,32,35]. The levels of other metabolites such as citric acid, lactic
acid, acetic acid and deoxyglucose were increased in some studies [36,37] and decreased in
others [32,36]. Some of the metabolites mentioned above were also found significant in the
presented study. After NC-meal intake, we observed changes in two metabolites involved
in carbohydrates metabolism, whereas after HC-meal intake, we found significantly higher
levels of four metabolites in the HR men (Table 2).

In the present study, 30, 60 and 120 min after HC-meal intake, the HR-genotype
carriers presented significantly higher plasma levels for galactose, fructose, D-allose and
galactosamine (GlycA). Galactose is a C-4 epimer of glucose and can be rapidly converted
to glucose through the Leloir pathway [38]. Postprandially increased galactose metabolism
may lead to a long-term, gradual increase in plasma glucose and may contribute to IR [39].
Human studies have shown that in addition to galactose, fructose may contribute nega-
tively to blood glucose homeostasis by causing IR in the liver [40]. It was confirmed in
another study that this six-carbon sugar, when ingested in a high amount, increases the
risk of T2DM and other metabolic diseases [41]. Fructose, once ingested, can be oxidised,
converted to glucose or lactic acid or enter de novo lipogenesis. These metabolic pathways
could lead to the development of metabolic disorders. After ingestion of large amounts
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of fructose, an increased level of hepatic acetyl CoA leads to increased production of
very-low-density lipoprotein and triglycerides, associated with T2DM. GlycA can be a
predictor of the future development of T2DM [42], but conclusive data on the relation of
GlycA with IR or insulin secretion are missing [43]. Connelly et al. [44] also concluded that
further research is needed to understand the inflammatory pathophysiology of T2DM and
the ability of GlycA to improve prediction models for T2DM. Low-grade inflammation is
known to trigger the development of IR and loss of B-cell function, and both are proposed
to be involved in the pathogenesis of T2DM (reviewed here [45,46]).

A recent study shows that fructose-mediated generation of uric acid causes mitochon-
drial oxidative stress that stimulates fat accumulation independent of excessive caloric
intake [40]. Research into the relationship between uric acid and T2DM is the most con-
troversial. A lot of studies confirmed that uric acid was related to an increased risk of
T2DM [47,48]. On the other hand, in the study of Li et al. [49], who followed up 4412 non-
diabetic patients for around 5 years to study serum urate changes in glucose metabolism,
high concentrations of uric acid were not found to be related to an increased risk of T2DM.
As shown in Figure 3, we observed a significantly lower uric acid level after HC-meal
intake in HR-men.

The metabolism of carbohydrates and fats are closely connected. Plasma FFAs can be
synthesised endogenously from excess carbohydrates in the process of de novo lipogenesis.
This process is upregulated by insulin in the blood and downregulated by high levels of
such hormones as adrenaline and glucagon. Fatty acids involved in this pathway have been
recently characterised as a cause [50,51] and a consequence [52] of IR and T2DM. Moreover,
it is well known that T2DM and lipid disorders (involving FFAs [53]) are closely associated.

However, different kinds of FFAs have different or even opposite effects on IR and
T2DM. For example, saturated fatty acids (SFA) worsen insulin sensitivity and increase
the risk of T2DM, but polyunsaturated fatty acids (PUFA), particularly n-3 fatty acids,
improve IR [2] and are potentially protective against T2DM [54]. It should be kept in mind
that plasma FFAs concentrations reflect their intake and balance between de novo FFA
synthesis, storage as TAGs and their lipolysis. During digestion, TAGs are hydrolysed into
mono- and diglycerides and FFAs [2].

In the study of Koska et al. [55], it was confirmed that high caloric diets enriched
with saturated fatty acids (SFA) or carbohydrates induced whole-body IR in both normal
and impaired glucose tolerant subjects. The metabolic response to SFAs can be associated
with the induction of serine-phosphorylation through activation of specific serine kinases,
resulting in decreased activity of insulin-regulated glucose transporter-4 (GLUT-4) and
consequent lower glucose uptake [56]. SFAs can also affect insulin sensitivity by altering
the membrane lipid composition, leading to the disorientation of membrane glucose
transporter molecules [57].

In our study, HR genotype carriers presented a significantly higher level of palmitic
acid (PA) 60 min after both meals. Literature data indicate that impaired insulin secretion,
impaired insulin sensitivity and glucose intolerance are strongly associated with elevated
plasma levels of saturated FFAs (including palmitic and stearic acid) [3,5,58]. The elevated
level of plasma PA may contribute to hyperinsulinemia and consequently the development
of IR. It has also been reported that IR could be induced by the increase of circulating
FFAs, which inhibit glucose transport and phosphorylation activity and down-regulate
glycogen synthesis and glucose oxidation in muscle [59]. In the prospective multi-ethnic
cohort study [60], the associations of metabolic perturbations in fatty acid metabolism with
a 5-year risk of incident type 2 diabetes, before and after adjusting for insulin sensitivity
and IR, were investigated. The researchers found out that PA had the strongest association
with the risk of T2DM. Our results also support this observation, as plasma PA level
was found to be postprandially increased in HR gene risk carriers up to 5 years prior
to T2DM onset. Excessive fatty acid oxidation elevates the intramitochondrial acetyl
CoA/CoA and NADH/NAD" ratios and inhibits pyruvate oxidation [61]. Thus, lactate
accumulation may occur. This inefficient fat oxidation may cause an increased level of
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alpha-hydroxybutyric acid (-HB). This metabolite is a byproduct of « ketobutyric acid
synthesis, a product of amino acid catabolism (threonine and methionine) and glutathione
anabolism (cysteine formation pathway) in hepatic tissue. a-HB was previously identified
as a marker [16,62,63] and predictor [64,65] of T2DM. In the present study, we also observed
a significantly higher level of this metabolite in HR-genotype carriers 60 and 120 min after
HC-meal. Consequently, an accurate determination of PA and x-HB can be essential for
the early diagnosis of T2DM development, which is an important finding of this study.

Amino acids (AAs) are crucial biological compounds that play a key metabolic and
physiological role in all living organisms [66]. It was confirmed that these metabolites are
useful diagnostic markers because they are considerably altered in prediabetes state and
continue to increase during T2DM progression [67]. The Framingham Offspring Study has
shown that elevated AAs were able to predict an increased risk of T2DM up to 12 years
prior to disease onset [68]. A less consistent finding is the association of prediabetes or
T2DM with higher levels of lysine [69-71], histidine [69] or proline [14,34,70,72].

Our study supported the observations of the relationship between amino acid levels
and the risk of T2DM. We noticed higher plasma level of alanine (Ala) and norleucine in
HR-genotype carriers after NC-meal. Additionally, we have observed an increased level
of histidine in HR-genotype carriers after HC-meal. As mentioned above, accumulation
of these metabolites after meal intake may lead to activation of pathways involved in
T2DM development.

Alanine is a proteinogenic amino acid which level was found elevated in HR-men
in 60 and 120 min after NC-meal intake. It is synthesised from pyruvate and amino acids
(mainly BCAAs) primarily in skeletal muscle and intestines and is used for gluconeogenesis
in the liver [73]. Therefore, postprandially increased level of Ala in plasma may enhance
gluconeogenesis and contribute to fasting hyperglycemia development.

After HC-meal intake, the HR-genotype carriers presented a significantly higher
plasma level of histidine and a lower postprandial level of creatinine. Although plasma
histidine is an appetite-controlling factor, it also provokes a brain signal to the liver that
decreases the expression of gluconeogenic enzymes—most notably glucose-6-phosphatase—-
and thereby reduces hepatic glucose output. On the other hand, a small Japanese prospec-
tive study reached the conclusion that higher dietary intake of BCAAs was a predictor of a
lower risk of T2DM. Therefore, arguably, the true dietary determinant of risk might be the
histidine ratio to BCAAs or total neutral amino acids. In the diet or in plasma, such a ratio
might predict risk better than either histidine or BCAAs per se. On the other hand, studies
describe the positive of histidine in preventing T2DM [74].

Many published articles confirm our results for creatinine. For example, in 2009,
Harita et al. [75] confirmed that low serum creatinine levels were associated with an
increased risk of type 2 diabetes mellitus and dysglycemia. This was also confirmed in the
recent studies conducted by Takeuchi et al. [76] and Chutani and Pande [77]. Creatinine
is produced after the pyrophosphate cleavage of phosphocreatine to produce energy for
muscle activity. Therefore, a lower serum creatinine level might reflect a lower volume of
skeletal muscle which means fewer target sites for insulin. In addition, it may partially
explain the pathogenesis of T2DM associated with lower serum creatinine. Consequently,
an accurate determination of these metabolites can be essential for the early diagnosis of
prediabetes or T2DM.

Among other significant metabolites, we observed elevated tyramine level 30 and
60 min after HC-meal in HR-men. This compound is derived from tyrosine and has a
good effect on human health. Intake of tyramine might bring a benefit, especially when
glucotoxicity or lipotoxicity need to be reduced, i.e., in diabetic and obese condition [78].
In 2003 Visentin et al. [79] reported that tyramine stimulates in vitro glucose transport in
adipocytes, cardiomyocytes and skeletal muscle and improves in vivo glucose utilisation
in rats. Carpene et al. [78] observed that after 12 weeks of tyramine supplementation,
non-fasting blood glucose was decreased, but the supplementation did not modify glucose
tolerance or fasting glucose level, insulin or circulating lipids.
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Our study had several strengths and limitations. One of the strengths was the use
of a well-established GC-MS platform, which allowed us to discover novel metabolites,
previously not detected using LC-QTOF-MS. A major limitation of our study is a relatively
small sample size, but as it was mentioned in our previous studies performed on the same
group of patients, it is difficult to find healthy risk genotypes carriers since the general
CC genotype frequency is around 6% [9,11]. Furthermore, due to the long and laborious
protocols of the meal challenge test, it is also challenging to recruit volunteers willing to
participate in this type of study.

5. Conclusions and Future Prospects

Plasma GC-MS profiling provided an efficient way of depicting metabolic perturba-
tions observed in HR-genotype carriers after meals intake. Considering the fact that several
of the studied HR-genotype carriers became prediabetic within 5 years, the presented
results are of high importance. Alterations in the level of several metabolites can be an
early metabolic disturbance predicting early stages of T2DM development, and even some
of them, such as «-HB, gluconic acid and PA, can be early predictors of the PROX1-related
risk of T2DM in healthy people. The obtained result may also help to establish diet recom-
mendations for individuals carrying the T2DM-risk allele in the PROX1 gene. However,
further investigations are required to design an optimal diet. To evaluate the clinical utility
of altered metabolites as potential markers of genetic predisposition to T2DM, a targeted
method for the determination of significant metabolites should be developed and applied
in a large cohort of patients to measure fasting and postprandial plasma samples.
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Changes in serum or plasma metabolome may reflect gut microbiota dysbiosis,
which is also known to occur in patients with prediabetes and type 2 diabetes
(T2DM). Thus, developing a robust method for the analysis of microbiota-
dependent metabolites (MDMs) is an important issue. Gas chromatography with
mass spectrometry (GC-MS) is a powerful approach enabling detection of a
wide range of MDMs in biofluid samples with good repeatability and
reproducibility, but requires selection of a suitable solvents and conditions.
For this reason, we conducted for the first time the study in which, we
demonstrated an optimisation of samples preparation steps for the
measurement of 75 MDMs in two matrices. Different solvents or mixtures of
solvents for MDMs extraction, various concentrations and volumes of
derivatizing reagents as well as temperature programs at methoxymation
and silylation step, were tested. The stability, repeatability and reproducibility
of the 75 MDMs measurement were assessed by determining the relative
standard deviation (RSD). Finally, we used the developed method to analyse
serum samples from 18 prediabetic (PreDiab group) and 24 T2DM patients
(T2DM group) from our 1000PLUS cohort. The study groups were
homogeneous and did not differ in age and body mass index. To select
statistically significant metabolites, T2DM vs. PreDiab comparison was
performed using multivariate statistics. Our experiment revealed changes in
18 MDMs belonging to different classes of compounds, and seven of them,
based on the SVM classification model, were selected as a panel of potential
biomarkers, able to distinguish between patients with T2DM and prediabetes.
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Introduction

The worldwide prevalence of type 2 diabetes mellitus
(T2DM) has risen over the past two decades (Sobczak et al,
2019) and currently, this metabolic disease is a serious public
health problem (Fikri et al, 2020). There is an increasing
evidence that alterations in gut microbiota (GM) (Lin et al.,
2017; Moon et al., 2018; Chen et al., 2019), apart from genetic
(Mojsak et al., 2021) and life style factors (Ericson et al., 2018),
are important for the development of metabolic diseases.
Changes in the gut microbiome composition lead to an
imbalanced gastrointestinal habitat which promotes abnormal
production of metabolites, inflammatory status, glucose
metabolism alteration and even insulin resistance (IR) (Tanase
2020). Particularly, various microbiota-dependent
metabolites (MDMs) (Han et al., 2021), such as short-chain
fatty acids, branched-chain fatty acids, amino acids (AAs),
branched-chain amino acids (BCAAs), bile acids, tryptophan-
derived metabolites, and others (Mojsak et al., 2022; Zhou et al.,

et al,

2022) have been reported to be closely associated with IR (Menni
2018)

2020;

et al., 2022), prediabetes (Dorcely et al., 2017; Gar et al,,
and T2DM (Sobczak et al., 2019; Fikri et al., 2020; Gu et al.,
Mojsak et al., 2021).

Metabolomics is a high-throughput approach enabling a
global
Untargeted metabolomics has led to many discoveries of

analysis of metabolites in biological systems.
microbiota-dependent metabolic pathways and metabolites
linked to host diseases (Moon et al., 2018; Tanase et al., 2020;
Mojsak et al., 2022). Consequently, determination of MDMs can
be essential for the early diagnosis of T2DM (Mojsak et al., 2022).
Among mass spectrometry (MS)-based analytical platforms, gas
chromatography (GC-MS) and liquid chromatography (LC-MS)
are the most popular analytical techniques used for the
separation of MDMs (Chen et al, 2019; Eylem et al., 2022).
Compared to LC, GC has a considerably better chromatographic
resolution. It is also a highly reproducible and sensitive analytical
technique, able to detect a wide variety of MDMs such as AAs,
fatty acids (FAs), carbohydrates (CARBs) and sterols related to
microbiota and T2DM, that would otherwise need several
LC-MS 2020).  Additionally,
reproducible molecular fragmentation patterns of GC-MS
make it one of the most reliable tools for exploring
metabolites (Papadimitropoulos et al., 2018). Considering all

separations  in (Heaney,

above-mentioned reasons, GC-MS was used in this study.
MDMs are found in a variety of biological samples such as
feces, urine, serum or plasma (Chen et al., 2019). According to
Chen et al. (2019), plasma and serum are non-invasively
obtained biomatrices and analysis of their metabolome may
reflect the changes in the metabolome of the whole organism
(Kiseleva et al., 2021), including changes in MDMs composition
(Vernocchi et al, 2016). Additionally, both of these blood-
samples used in many GC-MS
metabolomics studies related to the development of T2DM

derived have been
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(Lin et al., 2017; Chen et al, 2019). Visconti et al. (2019),
proved that many species of GM showed association with
blood metabolites, suggesting important effects on host
systemic metabolism.

Although GC-MS is a powerful tool to detect MDMs, GC-MS
profiling of such metabolites in biofluid samples constitutes an
analytical challenge (Mojsak et al., 2022). In order to extend the
coverage of MDMs measured with GC-MS, selection of a suitable
solvent for the protein precipitation or extraction (He et al., 2021)
and a transformation of analysed metabolites into more volatile
forms through the derivatisation process, is required
(Moldoveanu and David, 2018). Many solvents like ACN
(Mojsak et al.,, 2021), MeOH (Trygg et al.,
of solvents such as: ACN:isoProp:H,0 (v:v:v; 3:3:2) (Fiehn, 2016;
Kiseleva et al., 2021); MeOH:H,O (v:v; 9:1) (Malm et al., 2016),
MeOH:isoProp:H,O (viviv; 3:3:2) (Kiseleva et al, 2021) or
MeOH:EtOH (v:v; 1:1) (Szeremeta et al., 2021) are commonly
used in metabolomics studies. A choice of proper solvent(s) is
important, in the study of Fiehn (2016) it was confirmed that the
use of hydrophilic, lipohilic and medium-polarity solvents

2005) or mixtures

demonstrated high analytical precision and comprehensiveness
of the extracted metabolome. There are a few studies comparing
the utility of different solvents, however, the variety of
investigated mixtures was not that wide (Trygg et al, 2005;
He et al, 2020; Eylem et al, 2022). To the best of our
knowledge, there is a lack of methodological articles
comparing the performance of these solvents and their
mixtures for the preparation of serum or plasma samples for
the GC-MS analysis of 75 MDMs.

Out of several available derivatisation methods (Moldoveanu
and David, 2018), methoxymation (MeOx) followed by silylation
(SIL) is the most commonly used (Fritsche-Guenther et al,
2021). According to Fiehn (2016) and Eylem et al. (2022),
prior to SIL, MeOx is necessary to protect carbonyl groups of
aldehydes and ketones in reducing sugars from the cyclization
stabilize

et al,

as well as to a-keto acids against
(Zarate 2016). The of

completion of this process is associated with the concentration

process,
decarboxylation degree
and volume of methoxamine HCl in pyridine, as well as
used during the
derivatisation process (Bekele et al., 2014; Moros et al., 2017).
The most frequently reported incubation time and temperature
for MeOx of biofluid metabolites are 30-90 min at 37-70°C or
16 h at room temperature (RT) (Fichn, 2016; Beale et al., 2018),
whereas the volumes of methoxamine HCI in pyridine used are
between 10 and 40 pl (with the concentration range of 15-40 mg/
ml) (Miyagawa and Bamba, 2019). As for the MeOX process, the
main factors determining the outcomes of the GC-MS analysis

incubation time and temperature

are the volume of SIL reagent as well as the incubation time and
temperature (Eylem et al., 2022).

To the best of our knowledge no thoroughly optimized
method, which includes the impact of popular solvents and
derivatisation conditions for profiling of 75 MDMs present in
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human plasma and serum has been presented so far. For this
reason, we performed a side-by-side comparison of different
serum and plasma samples preparation procedures composed of
with
metabolites extraction and two-step derivatisation, MeOx
followed by SIL, focusing on MDMs. Based on the signal
intensity and its relative standard deviation (RSD), the
methodology for sample preparation and analysis was
optimized to obtain the best possible method for the analysis
of MDMs. Metabolites were classified as MDMs based on the
scientific reports (Lin et al., 2017; Org et al., 2017; Martin et al.,
2019; Visconti et al., 2019; Wan et al., 2020; Gojda and Cahova,

solvent-based simultaneous protein precipitations

2021; Tan et al, 2021) and Human Metabolome Database
(HMDB) (HMDB, 2020) (http://www.hmdb.ca accessed, on
20 April 2022). Finally, we used the developed biofluids
preparation method to analyse serum samples of patients with
prediabetes and T2DM.

Material and methods
Reagents

The following reagents and standards were used: MilliQ”
water (Millipore, Billerica, MA, United States), heptane
(Sigma-Aldrich, Steinheim, pyridine
(Sigma-Aldrich, Steinheim, Germany), O-methoxyamine HCl
(Sigma-Aldrich, Steinheim, Germany) and MSTFA (N-Methyl-
N-trimethylsilyl-trifluoroacetamide) with 1%  TMCS
(Trimethylchlorosilane) (Pierce Chemical Co., Rockford, IL,
United States). 4-nitrobenzoic acid (4-NBA) and stearic acid
methyl ester (C18:0 methyl ester) (Sigma-Aldrich, Steinheim,
Germany) were used as internal standards (ISs) for GC-MS.
Individual stock solutions of 4-NBA (IS1) were prepared at the
concentration of 25 ppm, then stored at —4°C, whereas methyl

Germany),

stearate (IS2) were prepared at the concentration of 20 ppm, then
stored at —20°C. Two standards mixtures for GC-MS, one
containing grain fatty acid methyl esters (FAME) (C8:0—C22:
1, n9) and another standard mix with mixture of n-alkanes (C8:
C40) purchased from Supelco (Bellefonte, PA,
United States).

were

Optimization of sample preparation for
GC-MS analysis

At the optimization stage, plasma and serum samples, as well
as all tested combination of parameters, were analysed in separate
sequences. Three replicates were used for each optimized
condition. In the batches tested samples were analysed
together with quality control samples (QCs) and blank
samples. Firstly, 50 ul of pooled human plasma or serum were
extracted with 150 pl of ACN, ACN:isoProp:H,O (v:viv; 3:3:2),
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MeOH:H,0 (viv; 9:1) MeOH:isoProp:H,O (v:v:v; 3:3:2) and
MeOH:EtOH (v:v; 1:1) in order to evaluate the performance
of different extraction solvents. Subsequently, a two-step
derivatisation: 1) MeOX with 20 ul O-methoxyamine HCI in
pyridine (15 mg/ml, for 30 min at 37°C) followed by 2) SIL with
20 pl MSTFA containing 1% TMCS (for 30 min at 37°C) was
performed.

To optimize the protocol for two-step derivatisation process,
firstly, we tested different concentrations (10-40 mg/ml, in the
volume of 10 pl) and then volumes (10-50 pl) of methoxyamine
HCl in pyridine, adjusted to 120 pl with heptane containing IS2.
After that, we examined the effects of derivatisation temperature
and time of the reaction. For MeOx, the derivatisation
temperature was set to 37°C or 70°C, and the derivatisation
time was set to 30 min, 60 min or 16 h at RT [30 min at 37°C
(P1), 1 hat70°C (P2), 16 h at RT (P3) and 1 h at 70°C followed by
16h at RT (P4)]. In the first part of the experiment, SIL
conditions were fixed at 30 min and 37°C. Then, when SIL
step was being optimized, the derivatisation temperature of
37 and 70°C (for 30 and 60 min each) was evaluated. Finally,
the optimized method was applied to the analysis of the clinical
samples.

Clinical samples preparation

Serum (50 pl) was deproteinised with 150 pl (MeOH:H,0, 9:
1, vv) (1:3, —20°C) containing IS1, followed by two-step
derivatisation: 1) MeOX with O—methoxyamine HCl in
pyridine (30 mg/ml, RT, 16h) followed by 2) SIL with
MSTFA containing 1% TMCS (70°C, 1h). Subsequently,
sample preparation for QC samples was performed as
described above for clinical samples. Preparation of a blank
was conducted following the same procedure, but using only
solvents. Six QC samples were injected to equilibrate the
analytical platform before clinical samples were analysed to
ensure that reproducible data was acquired. In each batch,
FAMEs, mixes of n-alkanes, blank and six QC samples were
injected at the beginning of the batch, and one QC sample were
injected after every eight sample injections. At the end of the
batch, one QC sample and blank were injected again.

Metabolic fingerprinting was performed using GC system
(series 7890B) equipped with an 7693A autosampler and a Mass
Selective Detector 7000D (Agilent Technologies, Palo Alto, CA,
United States). One pl of the derivatised serum sample with ISs
was injected into a DB-5MS capillary GC column (30 m x
0.25mm x 0.25pm) using helium as a carrier gas at a
constant gas flow of 1.0 ml/min. The injector temperature was
set to 250°C and the split ratio to 1:10. The temperature gradient
program started at 60°C, was held for 1 min, followed by a
subsequent increase in temperature to 320°C at a rate of 10°C/
min. The GC-MS transfer line, filament source and the
quadrupole temperature were set to 280, 230, and 150°C,
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respectively. The electron ionisation source was set to 70 eV, and
the mass spectrometer was operated in the full scan mode,
applying a mass range from m/z 50 to 600 at a scan rate of
1.38 scan/s.

Untargeted GC—-MS data analysis

The deconvolution and identification were performed using
Mass Hunter Quantitative Unknowns Analysis software
(B.07.00, Agilent), alignment with Mass Profiler Professional
software (version 13.0, Agilent) and peak integration using
Mass Hunter Quantitative Analysis software (version B.07.00,
Agilent). The identification was performed mainly based on the
accurate mass and product jon spectrum matching against
in-house library of 100 authentic standards as well as Fiehn’s
and NIST 14 libraries. Prior to the statistical analysis, clinical
sample areas were normalised by IS abundance in order to
the variability
instrument. Finally, data were filtered based on the coefficient

minimise response coming from the
of signal variation (CV) in QC samples, considering values lower
than 30% as acceptable.

In order to perform the differential analysis of the
the variables were then filtered as
(2015).
replaced by k-means nearest neighbour (Armitage et al,
2015) wusing the in-house built scripts for MATLAB
7.10 R2010a (MathWorks Inc., Natick, MA, United States)).

metabolomics data,

proposed by Godzien et al Missing values were

Sample collection

For the first step of optimization, plasma and serum samples
were collected from the same individuals. For plasma samples,
blood was collected to S-Monovette K3EDTA tubes
(SARSTEDT, Germany) and plasma was obtained after
centrifugation at 15,400 x g for 10min at 4°C. For serum
samples, blood was collected to S-Monovette tubes containing
clot activator and tubes were stored in the vertical position at RT
for 60 min to allow the formation of a clot. Afterwards, tubes
were centrifuged in a horizontal rotor (swing-out head) for
10min at 1,300 x g at RT. After centrifugation, serum or
plasma fraction was transferred to Eppendorf tubes and stored
at —80°C until the day of analysis. All the procedures were
approved by the Local Ethics Committee of the Medical
University of Bialystok (Permit No. R-1-002/193/2019). All
donors signed informed consent.

For this experiment, 24 individuals with T2DM and 18 with
prediabetes were selected from the 1000PLUS cohort, gathered
between 2014 and 2017 by the Department of Endocrinology,
Diabetology and Internal Medicine, Medical University of
Bialystok, Poland (Maliszewska et al., 2019). Ethical approval
for the study was obtained from the local Ethics Committee at
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the Medical University of Bialystok, Poland (R-I-002/290/
2008/2009, R-1-002/35/2014, and APK.002.239.2022). The
presence of T2DM based on the dysglycemia diagnostic
criteria of the Diabetes Poland was confirmed or excluded
using glucose concentration measurements during an oral
glucose tolerance test (OGTT) at 0 and/or 120 min
(Diabetology, 2018). Table 1 presents the median and the
range of the anthropometric measurements and biochemical
parameters. Presented p-value was calculated using the
Mann-Whitney U-test.

Repeatability, reproducibility and stability
of 75 MDM measurements

In order to identify the optimal conditions the following
criteria were taken into account 1) repeatability, 2) the peak
intensities of individual metabolites 3) the total intensity (TT)
of all metabolites. Finally, reproducibility and stability were
determined. We used the relative standard deviation (RSD)
(defined as the [(standard deviation)/(mean) x 100]) of
metabolite abundance for evaluation of the consistency of
metabolites measurement using a GC-MS platform. A
commonly accepted maximum tolerance of RSD for
GC-MS in metabolomics studies is 30% (Koek et al,
2011). The stability, repeatability and reproducibility of
the analysis of 75 MDMs measurement were assessed by
calculating RSD of the GC-peak area. To test the
repeatability, 50 replicates (n = 50) of human plasma and
serum were analysed using optimal parameters. To test the
reproducibility, 10 quality control samples (n = 10) (plasma
or serum samples) were analysed over three batches (s = 3)
within the scope of a biological study, i.e., realistic conditions
(Supplementary Table 52). To test the stability, the plasma or
serum samples were re-injected after 8, 24, 36, and 48 h
(Supplementary Table S3).

Statistical analysis

To select statistically significant metabolites between the
PreDiab and T2DM groups multivariate statistics using an
orthogonal projections to latent structures
analysis (OPLS-DA)
metabolites were chosen based on the predictive loading value
[p (corr)] and variable importance in the projection (VIP) value.
Validation of the OPLS-DA models was performed by
cross—validation using the leave 1/3 out approach as described

discriminant

was used. Statistically significant

previously (Ciborowski et al., 2012). Multivariate statistics was
performed in SIMCA-P + 13.0.3.0 (Umetrics, Umea, Sweden).
For statistically significant metabolites, the receiver operating
characteristic ~ (ROC)
MetaboAnalyst 5.0.

analysis  was  conducted in
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TABLE 1 Characteristics of the studied group (median and range).

10.3389/fmolb.2022.982672

Clinical parameters PreDijab N = 18 T2DM N = 24 P-value
Age [years] 56.39 (37.36-70.96) 62.5 (41.16-69.20) 0.146
Female/Male 8/10 11/13

BMI [kg/m2] 33.55 (23.66-47.05) 3251 (21.25-49.35) 0.219
Fasting glucose 0 min [mg/dL] 110 (101-121) 131 (138-171) 0.0018
Glucose 120 min [mg/dL] 126 (72-190) 206 (160-229) 0.0001
Insulin [pU/mL] 126 (72-190) 16.35 (4.73-58.81) 0.880
HbAlc [%] 5.8 (5.10-6.40) 6.15 (5.3-7.7) 0.0057
LDL cholesterol [mg/dL] 105.1 (53.6-221.6) 93.8 (60.4-213.40) 0.348
Total cholesterol [mg/dL] 181 (125-284) 173.5 (138-310) 0.723
HDL cholesterol [mg/dL] 49.70 (29-125) 52 (36-88) 0.319
Triglyceride [mg/dL] 107 (33-229) 124.5 (44-232) 0.875
HOMA-IR 4.30 (2.80-10.40) 5.20 (1.10-20.00) 0.479
HOMA-B 112.00 (71.00-216.00) 85.00 (19.00-277.00) 0.112
BMI, body mass index; HbAlc, glycated h lobin Alc; LDL chol L, high-density lipop hol l; HDL chol I, high-density li hol l; HOMA-IR,

homeostasis model assessment for insulin resistance; HOMA-B, homeostasis model assessment for beta () cell function, p-value—difference between control and T2DM (based on the

Mann-Whitney U test). PreDiab-subjects with prediabetes, T2DM-subjects with T2DM.

Results
Optimization step

Initially, based on the literature review (Lin et al., 2017; Org
et al., 2017; Martin et al., 2019; Visconti et al., 2019; Wan et al.,
2020; Gojda and Cahova, 2021; Tan et al., 2021) and information
provided in HMDB (www.hmdb.ce, access on 20" April 2022) we
prepared a database of MDMs and metabolites involved in
pathways impacted by GM (Supplementary Table S1). Then,
we performed GC-MS analyses of pooled plasma or serum
samples to check which MDMs are present in these two
matrices. As a result, we observed 335 and 348 raw peaks in
plasma and serum, respectively. After data pretreatment
(deconvolution, alignment, data normalization and filtering),
102 entities were obtained for both matrices, 85 metabolites
could be identified taking into account several derivatives from
one metabolite for some AAs and CARBs. Finally, we chose
75 MDMs, representing different analytical classes, with RSD
below 30% in both plasma and serum samples (Supplementary
Table S1).

Selection of extraction solvent

To select the best solvent for protein precipitation and
extraction of plasma and serum samples, four widely used
mixtures of solvents: AcN:isoProp:H20 (v:viv; 3:3:2) MeOH:
H20 (v:v; 9:1); MeOH:isoProp:H,O (v:viv; 3:3:2), MeOH:
EtOH (v:v; 1:1) (hereinafter referred to as solvents) and ACN
alone were tested. In the Figures 1, 2 we present repeatability and
B-serum) obtained for MDMs

intensity ~ (A-plasma,
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measurement after the extraction with five combinations of
solvents in both matrices. MeOH:H,O mixture (v:v; 9:1) and
MeOH:isoProp:H,0 mixture (v:viv; 3:3:2) were selected as the
best extraction solvents for both types of samples. The intensity
of the signals for these two solvents were comparable but the
extraction using MeOH:H,O mixture (v:v; 9:1) had better
repeatability, and for this reason this solvent was chosen for
the next step of optimization. In plasma samples extracted with
MeOH:H,0 mixture (v:v; 9:1), 21 MDMs had RSD below 20%
and 51 below 10%. However, the RSD of 40 and 23 of all detected
MDMs in serum were in the range of 0.5%-8.5% and 10.1%-—
19.7%, respectively. Additionally, the metabolite signals from
ACN, MeOH:isoProp:H,O (v:v:v; 3:3:2) and MeOH:EtOH (viv,
1:1) in both matrices had a wider range of RSD and a larger
number of MDMs in the RSD range of 30%-40% and above 40%
than those obtained with other extraction solvents.

In the next step, we compared the impact of different
concentrations and volumes of MeOx on the derivatisation
3). For MeOx, a
O-methoxyamine HCI in pyridine was employed. First, we
compared  six commonly used concentrations  of
O-methoxyamine HCI in pyridine (15, 20, 25, 30, 35, and
40 mg/ml, in the volume of 10 pl for both matrices, adjusted
to 120 ul with heptane containing IS2). In plasma samples, the
intensity of the majority of detected metabolites (46 from 75)
increased with the elevated concentration of O-methoxyamine

process (see Figure solution  of

HCI in pyridine up to 30 mg/ml, with some exception for AAs
(alanine (Ala), isoleucine (isoLeu), serine, methionine (Met),
cysteine (Cys), aspargine, glutamine (Glu) and tyrosine). The
intensity of this metabolites decreased when the concentration of
O-methoxyamine HCl was higher than 30 mg/ml. In serum
samples we observed the highest intensity at the MeOx
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Comparison of obtained RSDs for all detected metabolites extracted with different solvents from plasma (A) or serum (B).

reagent concentration of 30 mg/ml, higher concentrations
resulted in similar intensity of metabolites with exception for
creatinine (Cre) and AAs (Ala, phenylalalnine, Met and
threonine (Thre). The intensity of these AAs decreased when
the concentration of MeOx increased. TT of tested MDMs was the
highest at the concentration of 30 mg/ml in serum samples. In
plasma samples, the concentration of 25 mg/ml yields slightly
higher TT of MDMs than 30 mg/ml but for the optimization, we
concentration of 30 mg/ml of
O-methoxyamine HCl in pyridine for two tested matrices. For
chosen MeOX concentration the lowest median RSDs of 9.2%
and 6.4% (Table 2) was indicated for plasma and serum,
respectively. For the selected concentrations, RSD below 20%
was found for 58 plasma and 71 serum metabolites.
Subsequently, we tested five different MeOx volumes
(10 pl, 20 pl, 30 pl, 40 pl, and 50 i, all at 30 mg MeOx per
mL pyridine concentration) (see Table 3) with the same
volume of reagent for SIL (MSTFA with 1% TMCS),
adjusted to 120 pl with heptane containing IS2. The TI of

have chosen universal
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peaks area increased with the larger volume of tested reagent
(Figure 3). We observed the highest TI for 30 and 50 pl for
serum and plasma, respectively. The best repeatability (<20%
of RSD) for the majority of detected MDMs was obtained for
the volume of 30 pl of the O-methoxyamine HCI in pyridine
in both tested matrices. In plasma samples, the median RSD
was much higher for 10 and 20 pl as compared to other values
(32.5% for 10 ul, 29.2% for 20 pl, and 10.1%-12.6% for
30-50 pl). In serum samples, the median RSDs for all tested
volumes were in the range of 5.0%-11.1%. Additionally, it was
observed that lysine (Lys) and ascorbic acid were not detected
while using the volume of 10 and 20 pul MeOx in both matrices,
while 5-hydroxy-L-tryptophan was only detected in plasma
samples, regardless the volume of MeOx. Due to the fact that
reproducibility for volumes of 30 and 40yl in serum was
similar (RSDs for 68 and 65 metabolites <20% (RSD); median
RSD 7.9 and 7.8%, respectively), the TI of all MDMs was the
highest for 30 pl, for the next step of the optimization we
chosen this volume of MeOx for both matrices.
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FIGURE 2

Comparison of intensity of all detected metabolites extracted with different solvents from plasma (A) or serum (B).

In the next step we compared the effect of different conditions,
ie. time and temperature for MeOx process. We tested four
common programs: 30 min at 37°C (P1), 1 h at 70°C (P2), 16h
at RT (P3) and 1h at 70°C followed by 16 h at RT (P4). Obtained
results are presented in Tables 4, 5. Repeatability for all metabolites
was similar for all tested conditions in plasma samples, the RSDs for
more than 70 MDMs were below 20%, while median RSD varied
from 4.3 to 7.6%. In serum samples, we observed more differences in
RSD values for tested conditions. The median RSDs were in the
range from 9.4 to 18.5% for all tested programs. The RSD values
were above 20% for more than 30 MDMs when the results for all
tested programs were compared with an exception for MeOx
process conducted for the program P3. The RSDs values were
above 30% for 10 metabolites and the medium RSD for this
condition was the lowest (9.4%). We observed differences in the
intensities of the metabolites in tested matrices. The highest intensity
for the majority of detected MDMs (53 from 75) was observed when
program P3 was used in both matrices, the results obtained for
program P2 were similar. In plasma samples, the lowest intensity
was observed for more than 50 MDMs, whereas in serum samples
for 48 MDMs, when the program P1 was used. In the case of valine
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(Val) and leucine (Leu) derivatisation, two chromatographic peaks
were observed in plasma, namely Val 1TMS and Val 2TMS, Leu
1TMS, and2 TMS. The peak areas of mentioned metabolites were
found to increase with longer reaction time. Similarly, derivatisation
of glycine (Gly) was confirmed by the presence of two
chromatographic peaks (Gly 2TMS and 3TMS). In this case, the
peak area of Gly 3TMS was elevated with the increasing reaction
time and temperature from 37°C, 30 min to 70°C, 1 h and finally
70°C 1h, 16 h (RT). However, in case of acetoacetate, which was
confirmed by the presence of acetoacetate 2TMS and 3TMS, the
intensity of 3TMS derivative decreased with longer reaction time. In
serum samples we observed the same relation for AAs (Val, isoLeu,
proline, Lys) and two CARBs, ie. mannose and glucose. The
intensity of the 3TMS derivative of these metabolites increased
when temperature and time increased. We also observed that
disaccharides were incompletely methoximated at 37°C for
30 min (P1), as we noticed significant peak broadening caused by
multi peaks, which was not observed at 70°C.

As the last optimization parameter, we tested the impact of
different incubation temperatures and time of SIL process. Our
first observation (based on Figure 3) was that the TT of all tested
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Effect of tested conditions on plasma and serum samples for all tested metabolites on the TI.

TABLE 2 Comparison of different concentration of the O—methoxyamine HCl in pyridine (mg/ml) based on the repeatability of 75 MDMs detected in
both types of samples, in the table was presented number of MDMs with RSD for plasma/serum <10%-30% and above 30%.

RSD (%) 15 20 25 30 35 40
mg/mL
Number of MDMs (plasma/serum)
<10 2/25 16/36 20/53 39/42 30/52 25/7
<20 1/29 24/20 24/12 18/27 20/8 22/24
<30 2/8 8/6 9/3 712 718 7/18
> 30 70/13 27113 22/7 11/4 18/7 21/26
Median RSD [%] 843/14.7 18.6/11.0 16.4/6.7 7.2/6.4 14.2/9.0 14.0/25.1

metabolites was higher in serum than in plasma, whereas when we
compared the TI of MDMs in different conditions for both
matrices, we observed that the TI was the highest for program:
70°C for 60 min, and the TI was comparable for the program
performed at 37°C for 60 min. In serum samples, the median RSD
was the highest (10.2%) when 37°C at 60 min program was used,
the lowest median RSD (5.7%) was achieved when 70°C for 60 min
program was tested. Additionally, this program was favorable for
AAs and organic acids (OrgAs) for which repeatability of
individual metabolites was the lowest. According to the results
obtained for plasma samples we observed that a median RSDs were
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similar for all programs (4.9%-5.4%). Derivatisation of carboxylic
acids, such as pyruvic, glyceric as well as lactic acid proceeded
significantly better when 37°C for 30 min program was used,
whereas derivatisation of the majority of AAs and FAs
proceeded significantly better when 70°C for 60 min program
was used. Additionally, at this conditions we did not observed
the two chromatographic peaks for Ala and Val in both matrices,
what proves that derivatisation was complete. Finally, due to the
fact that comparable median RSDs were obtained for SIL at 70°C
for 1 h for both matrices (5.3% and 5.7% for plasma and serum,
respectively), we chose this program for the GC-MS analysis.

08 frontiersin.org
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TABLE 3 Comparison of different volume of the O—methoxyamine
HCl in pyridine (pl) based on the repeatability of 75 MDMs
detected in both types of samples, in the table was presented number
of MDMs with RSD for plasma/serum <10%-30% and above 30%.

RSD (%) 10 20 30 40 50

ul

Number of MDMs (plasma/serum)

<10 9/35 29/54 39/52 35/44 8/47
<20 9/26 28/15 22/14 25/20 5/16
<30 12/7 6/3 6/4 8/3 26/2
> 30 45/7 12/3 8/5 718 36/10

Median RSD [%] 32.5/11.1 29.2/5.0 12.6/7.9 10.1/7.8 30.4/8.8

Repeatability, reproducibility and stability
of microbiota-dependent metabolites
measurements

Including 4 h of equilibrium, the analysis of 50 replicates
lasted about 35h which is important as some of AAs are
unstable after 36 h. In plasma samples, the repeatability test
showed a median RSD of 12.6% ranging from 3.5% (lactic
acid) to 37.3% ornithine (Orn). In serum samples, the
repeatability test showed a median RSD from 4.6% (Thre)
to above 50% (for 5-hydroxy-L-tryptophan, Orn and aspartic
acid). In plasma samples, inter-batch median RSD across
three batches was 23.5%, whereas in serum samples,
inter-batch median RSD across three batches was 23.0%
(Supplementary Table 52). Our method showed a good
repeatability for compounds from different classes,
including AAs, CARB and OrgAs. The repeatability over a
long sequence (more than 50 injections at once) was in an
acceptable range.

Obtained results showed that the majority of metabolites
were stable even 48 h after the derivatisation with the median
RSDs range between 8.8% and 12.8% in plasma and 6.6%-9.4%
in serum. We observed that glutamine and benzoic acid were

10.3389/fmolb.2022.982672

already unstable after 8 h. However, some of MDMs were
observed as unstable after 36 h, e.g, two AAs and FAs in
plasma and four AAs in serum samples. (Supplementary
Table S3).

Comparison results for both matrices

When we took into account intensity of individual
metabolites (Supplementary Table S1), we observed that
the intensities of 30 MDMs tested in our study were at a
similar level in plasma and serum. For some metabolites we
observed better reproducibility for plasma samples (see
Table S2). One
metabolites had a higher intensity in plasma samples (e.g.,
AAs: Glu, Orn, Cre, GA, and glycine), whereas, the intensity
of 22 metabolites was higher in serum samples mainly AAs
(e.g., Met, aspartic acid and Cys). The total intensity of all
tested metabolites was the higher in serum samples

Supplementary third of measured

(Figure 3).

Analysis of the clinical samples

Based on the above mentioned results, both matrices were
suitable for the analysis of MDMs, but the observed intensity
of most MDMs was relatively higher in serum samples. Due
to this fact, we chose serum samples for further analysis.
After data processing, 324 metabolic signals were detected.
Signal grouping and filtering processes rendered a total of
275 metabolites from which a group of 98 metabolites could
be identified taking into account several derivatives from one
metabolite for some AAs and CARBs. RSD value for
89 metabolites was below 30% (80 MDMs) in the QC
serum samples. To find metabolites discriminating
the studied groups, OPLS-DA model was built and
presented in Figure 4, additionally PCA plot was
presented in Figure 5.

Our experiment revealed changes in 18 MDMs. These
metabolites are mainly AAs, FAs, and CARBs (Table 6). In

TABLE 4 Comparison of different MeOx conditions based on the repeatability of 75 MDMs detected in both types of samples, in the table was
presented number of MDMs with RSD for plasma/serum <10%—-30% and above 30%.

RSD (%) 37°C, 30 min (P1)

Number of MDMs (plasma/serum)
<10 63/28 55/23
<20 12/15 16/22
<30 0/5 2/15
> 30 0/27 2115
Median RSD (%] 45/159 7.6/18.5
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70°C, 1 h (P2)

16 h, RT (P3) 1h 70°C, 16 h RT (P4)

70/39 61/24
4/19 12/16
17 0/1
0/10 2/34
4.3/9.4 5.7117.5
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TABLE 5 Comparison of different SIL conditions based on the repeatability of 75 MDMs detected in both types of samples, in the table was presented
number of MDMs with RSD for plasma/serum <10%-30% and above 30%.

RSD (%) (Plasma/serum) 37°C, 30 min 37°C, 60 min 70°C, 30 min 70°C, 60 min
<5 38/25 37117 41/24 37/38
<10 20/21 28/22 22/21 22/14
<15 8/14 7/10 713 8/10
<20 5/8 ¥ 4/9 3/3
>20 4/7 2/24 1/8 5/10
Median RSD [%] 4.9/7.8 5.4/10.2 5.0/7.8 53/5.7
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FIGURE 4

OPLS-DA score plots illustrating discrimination between the two studied groups based on obtained GC-MS data.

the OPLS-DA score plots, the PreDiab group and T2DM
group were discriminated from each other with the model
values of Ricgm) = 0.912 and Q(cgmy= 0.803. A cross-validation
results using the “leave 1/3 out” approach showed that excluded
samples were classified correctly in 94.5% + 5.2%. Among the
statistically significant metabolites, alpha-hydroxybutyric acid
(a-HBA) (FC = 1.24), Leu (FC = 1.28), Glu (FC = 1.48),
tryptophan (Trp) (FC = 1.96), Cys (2.07) and stearic acid
(SA) (FC = 1.79) were increased, while Cre (FC = 0.76),
glutamic acid (GA) (FC = 0.65) and (Orn) (FC = 0.63)
decreased in T2DM compared to prediabetic patients.

Frontiers in Molecular Biosciences

122

10

Finally, in order to evaluate a potential of significant
metabolites  to indicating T2DM
development in prediabetic patients, a multivariate receiver
operating characteristic (ROC) curves were obtained. ROC
analysis based on support vector machine (SVM) modeling
was employed to perform the automatic selection of the best
metabolites combination. ROC curves were constructed for the
selected 14 MDMs (Figure 6A) using the relative metabolite
contents of the experimental groups. For seven MDMs (out of
14) showing the best discriminatory power (Figure 6B) individual
ROC curves were built (Figure 6C).

serve as biomarkers
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PCA plots illustrating classification of the two studied groups based on obtained GC-MS data.

Discussion

Optimization of the sample preparation
step

Recent studies have indicated that GM are associated with
various metabolic diseases (Tanase et al, 2020). Most studies
used fecal samples as they can directly reflect the human GM
composition (Mojsak et al, 2022). However, an increasing
number of studies (Visconti et al, 2019) have revealed that
although the concentration of GM related metabolites in
circulation is far lower than that in feces, these metabolites play
an important role in modulating metabolism. Therefore, it is
essential to develop a comprehensive and efficient method for
analyzing MDMs in biofluid samples. Based on the literature
review, it was noticed that several protocols for the biofluid
sample preparation for metabolomics study based on GC-MS
are described (Drogan et al,, 2015; Fiehn, 2016; Liu et al, 2017;
Orgetal., 2017; He et al., 2021; Raczkowska et al., 2021), differing in
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the type of solvent or derivatisation procedures used. Therefore, we
chose the most frequently used solvents and variables at the
derivatisation stage, then we optimized them in the context of
the MDMs in two matrices.

Selection of extraction solvents

Solvents are known to be one of the primary factors that affect
the number, type, and abundance of endogenous metabolites
detected in biological samples (He et al, 2021). The most widely
used protocol for global metabolomics is protein precipitation with
solvent using a plasma/serum-to-solvent ratio of 1-3 or 4. Cold
solvent is added to minimize the extent of enzymatic conversion of
metabolites and to improve protein precipitation (Sitnikov et al.,
2016). Therefore, in the first step of this study, we screened the effect
of five solvent variants, widely used in GC-MS-based
metabolomics. To the best of our knowledge, studies comparing
this type of solvent mix are still lacking. Sitnikov et al. (2016)
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TABLE 6 Statistically significant changes for MDMs d

d in serum. N

10.3389/fmolb.2022.982672

checked in the Human Metabolome Database (HMDB) (http://

www.hmdb.ca access: 20" April 2022); rt, retention time (minutes); p (corr)—predictive loading values in the OPLS-DA, VIP—variable importance

in projection; CV, coefficient of variation of the metabolites in the QC les; FC, fold change in the comparison (PreDiab vs. T2DM).
Metabolites HMDB rt p (corr) VIP FC CV in QC [%]
a-hydroxybutyric acid HMDB00008 7.8 0.63 138 124 39
Creatinine HMDB00562 13.5 -0.44 133 0.76 17.1
Cystine HMDB00192 20.7 0.39 1.89 2.07 15
Galactonic acid HMDB00565 183 -0.42 1.48 0.7 19.1
Gluconic acid HMDB00625 183 -0.42 16 0.67 20.2
Glutamic acid HMDBO00148 132 -0.73 2.04 0.65 9.9
Glutamine HMDB00641 132 0.43 1.62 1.48 26
Glycerol 1-phosphate HMDB00126 15.8 -0.4 1.07 0.82 12.8
Kynurenine HMDB00684 20.1 -0.48 117 0.8 15
Leucine HMDB00687 10.1 0.69 1.58 1.28 9.8
Malic acid HMDB31518 126 -0.44 1.19 0.79 7
Mannose HMDB00169 174 0.67 119 117 27
Oleic acid HMDB00207 204 0.47 142 1.29 5.2
Ornithine HMDB00214 164 -0.55 175 0.63 12.5
Serotonin HMDB00259 224 0.53 19 0.45 20.8
Stearic acid HMDB00827 20.6 091 2.69 179 10
Trans-4-hydroxy-L-proline HMDB00725 13.1 0.52 1.63 0.56 19.7
Tryptophan HMDB00929 203 0.67 275 1.96 263
compared seven different extraction solvents but for LC-MS-based derivatisation, as the time between completing the

metabolomics. Extraction using MeOH:EtOH, and MeOH
demonstrated the best repeatability in comparison to all other
methods regardless the LC-MS method employed. In our study,
we also observed the best results for MeOH but with the addition of
H,O in a ratio of 9:1. In the previous study presented by Jiye et al.
(2005) (Trygg et al., 2005), the use of MeOH:H,O mixture (v/v; 8:1)
in GC-MS-based metabolomics analysis of plasma samples
provided optimal results in terms of completeness, efficiency, and
reproducibility of extraction in comparison to other tested solvents
(EtOH, ACN, acetone, chloroform), which is consistent with our
findings. According to Can Eylem and coworkers (Eylem et al,
2022), who studied the effect of five different solvents (acetone,
ACN, EtOH, MeOH, and H,0), the addition of water in the MeOH
extraction had a positive effect on the extraction of polar metabolites,
resulting in higher peak areas.

Optimization of methoxymation and
silylation conditions

Based on the literature review (Moros et al., 2017; Miyagawa
and Bamba, 2019; Fritsche-Guenther et al., 2021), it was observed
that many factors at both stages (MeOx and SIL) contribute to
the reaction speed and completeness of derivatisation reaction
which may directly impact the repeatability and reproducibility
of sample analyses. Due to the degradation of metabolites, it is
difficult to obtain good repeatability during the batch
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derivatisation process and GC analysis differ from sample to
sample (Miyagawa and Bamba, 2019). Despite this fact, several
2017; Miyagawa and Bamba, 2019;

Fritsche-Guenther et al, 2021) have been made to improve

attempts (Moros et al.,

sample preparation procedure for GC-MS metabolomics. In
the research presented by Fritsche-Guanter and coworkers
(Fritsche-Guenther 2021),

conditions were taken into account during optimization of the

et al, different ~derivatisation
protocol for fully automated and effective protein precipitation
and extraction of 42 metabolites from plasma, serum and liver
samples. It is known that results for manual and fully automated
methods differs, as presented by Zarate et al. (2016). In other
studies, researchers (Moros et al., 2017; Miyagawa and Bamba,
2019; Eylem et al., 2022) observed differences in response and
repeatability of metabolites due to the change of the parameters
of both derivatisation steps, and for this reason we optimized
method at both stages.

In order to reduce the number of derivatisation products,
MeOx-derivatisation was employed before TMS-derivatisation.
Different MeOx concentration-volume combinations were
reported for derivatisation of biofluid samples. In most
protocols (Moon et al., 2013; Org et al., 2017; Gar et al., 2018;
Sobczak et al., 2019; He et al., 2020; Mojsak et al., 2021), MeOx in
the volume of 50125 pl and the concentration of 15-40 mg/ml is
added to dried extract. Based on the literature findings (Moros
et al,, 2017; Miyagawa and Bamba, 2019; Engel et al., 2020; He
et al., 2020; Fritsche-Guenther et al., 2021; He et al., 2021), there
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is information on the effect of the MeOx concentration on the
derivatisation process. The concentration of MeOx reagent most
frequently reported in the literature is 20 mg/ml. In the research
presented by Eylem and coworkers (Eylem et al., 2022), a high
correlation between the response and MeOx concentration was
found, but details were not shown. For optimization, authors
used the concentration of 30 mg/ml, which is consistent with our
study, although the volume of MeOx was different. We chose the
concentration of 30 mg/ml due to better repeatability for both
matrices and relatively high intensity for most of the studied
metabolites. In the study presented by Fritsche-Guenter
(Fritsche-Guenther et al, 2021), but in fully automated
method of optimization, it was observed that the overall areas
of metabolites decreased around 30% with increasing
concentration of MeOx.

When we optimized a volume of O-methoxyamine HCI
solution in pyridine, the volume of MSTFA with 1% TMCS
was also changed to be equal to the volume of O-methoxyamine
HCI solution in pyridine. Such approach is used in many GC-
MS-based metabolomics studies on plasma or serum samples
(Moros et al., 2017; Raczkowska et al., 2021). On the other hand,
it was shown that efficient derivatisation can be obtained by
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decreasing the amount of MeOx and increasing the amount of
SIL reagent (Fichn, 2016). According to Miyagawa and Bamba
(Miyagawa and Bamba, 2019), who presented the comparison of
the results obtained with the use of various volumes of
O-methoxyamine HCI solution in pyridine, and MSTFA, it
was revealed that the peak areas of the number of metabolite
derivatives increased (mainly AAs) with the increase of the
volume of both reagents employed for the derivatisation,
which is consistent with our study. Bekele and coworkers
(Bekele et al, 2014) found a similar association between the
volume of MSTFA and the number of detected peaks.

Based on the literature review, the degree of completion of
the both MeOx and SIL reaction depends on reaction time and
temperature (Miyagawa and Bamba, 2019) and a lot of attention
has been paid to this step (Miyagawa and Bamba, 2019; He et al.,
2020). The most commonly accepted MeOx conditions include
either reaction in high temperature for short time or low
temperature for prolonged time. On the other hand,
incubation process provides the completion of MeOx;
however, it could also result in progressive degradation of
heat labile metabolites (Bekele et al, 2014). To maximize
coverage of metabolites in reproducible way, while minimizing
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chemical and physical degradation, compromises are inevitable.
The results obtained with different temperature conditions
differed depending on a particular metabolite, and in terms of
different classes of metabolites some trends were noticed. Higher
MeOx temperature is considered to enhance derivatisation
efficiency by increasing solubility of metabolites. Bekele and
coworkers (Bekele et al, 2014) reported that long term, low
temperature MeOx was favorable for organic acid and AAs, while
either long term low temperature or a short term high
temperature MeOx was favorable for a—keto acids. According
to Miyagawa and Bamba (Miyagawa and Bamba, 2019),
disaccharides were incompletely methoxymated at 37°C for
30 min which resulted in a significant peak broadening caused
by multipeaks, which was also observed in the presented study.
Shepherd et al. (Shepherd et al, 2007) reported that CARB
(glucose and fructose) were partially methoxymated at 30°C
for 45min and sucrose was hydrolyzed to glucose and
fructose at 100°C when the process was longer than 45 min.
MeOx results at 37°C for minimum 60 min were better in terms
of glucose and maltose detection (Miyagawa and Bamba, 2019).
Sterols are often derivatized at 60-100°C, but Miyagawa and
Bamba observed transformation of these metabolites at 70°C
(Miyagawa and Bamba, 2019). Overall, repeatability was better
for all of the individual classes when incubation protocol was
performed at 60°C for 30 min. According to Pasikanti et al.
(Pasikanti et al, 2008), MeOx must be performed over a
relatively long period of time (up to 17h) and/or at high
temperature to provide complete derivatisation. The same as
in the study presented by Musharraf et al. (Musharraf et al,
2013), in which MeOx (16 h) was found to be the best in terms of
the number of metabolites, which is consistent with our findings.

Finally, we compared the conditions for the last step of
sample preparation—SIL. This is a classical derivatisation
method employed to introduce a silyl group to a metabolite
by replacing active hydrogen atoms (of carboxyl groups, amino
and hydroxyl groups) to generate stable, more volatile and less
polar metabolites. Several derivatisation reagents have been
applied for the derivatisation of endogenous metabolites. The
most popular reagents are MSTFA and BSTFA (N,O-Bis
(Trimethylsilyl) trifluoroacetamide), with or without the
catalyst, 1% (TMCS). Moros et al. (2017) demonstrated that
MSTFA with 1% TMCS was found to provide more repeatable
results and enable the detection of more derivatives compared to
BSTFA with 1% TMCS in plasma extracts. In the previous study,
Fichn (2016) also confirmed that MSTFA was superior over
BSTFA in regard to the completeness of NH silylation of AAs and
amines, and for this reason we did not optimize SIL reagent and
chose MSTFA with 1% TMCS for optimization of other
derivatisation conditions.

Factors like temperature and time of SIL contribute to the
reaction speed and completeness of SIL process. Namely,
differences in metabolite peak areas of various derivatives
were observed in different biological matrices as a result of
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changing the SIL time and temperature (Eylem et al., 2022).
The most frequently reported temperature and duration of SIL
for both matrices range between 30 and 70°C and 30-120 min
(Danielsson et al., 2012; Fiehn, 2016; Moros et al., 2017; Kiseleva
et al., 2021). Therefore, we compared SIL conditions (37°C and
70°C for 30 and 60 min, respectively) the most commonly used in
the metabolomics studies. Long term and high temperature SIL
was favorable for FAs and CARB. On the other hand, this
conditions had negligible effect on OrgAs and AAs. It is
difficult to adapt a unique SIL process at which all functional
groups would be derivatized because reaction kinetics differ
among functional groups. The ideal scenario would be if SIL
of every functional group of metabolites was completed at the
selection time. The completion of reaction without any
degradation effect for all metabolites remains a challenge. It
was proved that metabolites containing-OH, -COOH and
ketone groups were derivatized 5h after the addition of
MSTFA whereas the derivatisation of-NH2 groups was still
progressing after a day, at which point, other products began
to degrade (Moldoveanu and David, 2018).

Multiple peaks are usually produced when this step of
derivatisation is incomplete. At 70°C for 60 min, we did not
observe multiple peaks for AAs such as Ala and Val in neither of
matrices, thus we assumed that a SIL process was completed.
Danielsson et al. (2012) observed, similarly to our findings, that
long incubation time is needed to complete a derivatisation
process. Furthermore, these results imply that long SIL
periods  (>30 min)
derivatisation of slowly reacting metabolites. Two peaks were

are needed to provide effective
found from the TMS derivatisation of sugars (e.g., glucose and
mannose), which was in accordance to the previously published
literature (Villas-Boas et al., 2011; Zarate et al., 2016). Finally, we
chose 16 h at RT for methoxymation and 1 h at 70°C for SIL. It
was proved in the literature that a longer MeOx at low
temperature in combination with a high SIL temperature
provide a similar results to a short-time methoximation at a
high temperature in combination with a low SIL temperature
(Bekele et al,, 2014), which is consistent with our findings. In
previously reported study it was found that MeOx (16 h) and SIL
(1h) provide the best results in terms of the number of

metabolites (Musharraf et al., 2013).

Results of the comparison between both
tested matrices

There are metabolomics studies showing the differences
between serum and plasma metabolic profiles (Kaluarachchi
et al, 2018). Depending on the type, class or particular
metabolite, one matrix can be better than the other to
perform metabolomics analyses. In general, serum is favored
due to the slightly higher metabolites concentration compared to
plasma (Yu et al., 2011), which is consistent with our results
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taking into account TI (Figure 3). Deproteinization of serum
eliminates the volume fraction of proteins and distributes the
remaining small molecular weight constituents in a smaller
volume, thus making them more concentrated. On the other
hand, there are studies confirming that the level of some
metabolites are lower in serum compared to EDTA plasma
(Suarez-Diez et al, 2017; Sotelo-Orozco et al, 2021). It is
obvious that serum and plasma are similar in terms of some
characteristics and different in other, and these differences may
be important for bio specimen selection and metabolite
identification in metabolic phenotyping studies. Due to all the
above-mentioned factors, we have made the effort to perform a
comprehensive optimization for 75 MDMs in both matrices. As
far as we know, no comprehensively optimized method,
including the impact of most commonly used mixtures of
solvents and derivatisation conditions, for profiling of both
plasma and serum metabolites as MSTFA derivatives has been
presented thus far. The most considerable differences concern
AAs, associated with GM and T2DM development thus, the
optimization of the methods for both matrices is crucial. It has
been reported in previous optimization study (Moros et al,
2017), that good repeatability, particularly for AAs is difficult
to achieve during batch derivatisation, as the time between the
completion of derivatisation reaction and GC analysis differs
from sample to sample. Optimisation of repeatable and
reproducible method for the quantification of MDMs was
essential because we applied this method for the analysis of
clinical serum samples to evaluate changes in MDMs related to
T2DM development.

Analysis of clinical samples

Many changes in gut composition have been reported in
T2DM patients and it was proved that GM may be a significant
environmental factor involved in the onset and progression of
T2DM (Tanase et al., 2020). Larsen et al. (2010) conducted one of
the first studies in humans comparing the GM between
individuals with T2D and healthy controls. This study
demonstrated that the phylum Firmicutes and the class
Clostridia were less abundant in the T2DM group compared
to the control group, whereas the class Betaproteobacteria was
more abundant in T2DM subjects and positively correlated with
plasma glucose level. In the same study (Pedersen et al., 2016) it
was shown that dysbiosis of GM impacts serum metabolome and
contributes to IR. Therefore, analysis of serum metabolome can
be potentially used for T2DM diagnosis, also in the context of
MDMs. Based on the literature review we proved that a variety of
biological markers detected in biofluids by GC-MS (Gar et al,
2018; Adamska-Patruno et al., 2019; Mojsak et al., 2021) are
associated with T2DM. GC-MS-based metabolomics is a
powerful approach for studying pathophysiological processes
(Raczkowska et al, 2021), and has been used to identify
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complex endogenous metabolic phenotypes in various diseases
(Zhang et al., 2020). For these reasons GC-MS was used to
identify the differences in serum samples between diabetic and
prediabetic subjects.

Several studies have indicated the influence of bacterial taxa
on lipid and FA levels in blood samples (Rooks and Garrett, 2016;
Org et al, 2017). The serum FAs profile is determined by host
endogenous FA metabolism (Baylin and Campos, 2006). Data
presented by Org and coworkers (Org et al,, 2017) showed that
fasting serum monounsaturated and saturated FAs are strongly
associated with an increased abundance of Blautia and Dorea and
decreased abundance of Coprococcus and Peptococcaceae. As it
can be seen in Table 6, we indicated statistically significant
changes in FAs (oleic acid (OA) and SA). Studies using
metabolic profiling support the importance of FAs in the
prediction of T2DM onset. It was confirmed that FA levels
were significantly higher in newly diagnosed (Lu et al., 2016;
Castro-Correia et al,, 2017) and long-term monitored patients
(Spiller et al., 2018) with T2DM, what is in line with the results of
our research. Among all metabolites used for ROC analysis, SA
exhibited the highest AUC value (0.995) (Figure 6). An increased
concentration of serum SA plays a fundamental role in the
development of beta cell dysfunction and T2DM, as this FA is
the major contributor to lipotoxicity in beta cells (Vilas-Boas
etal, 2021). It was consistent with the findings of Lu et al. (2016)
and Zhao et al. (2017), who identified FAs as the most important
pathogenic factors for insulin resistance and T2DM.

Lipid oxidation may cause an increase of a~HB level, and we
indicated elevated level (FC = 1.24) of this metabolite in T2DM
group. It was confirmed that a high level of a-HB is common for
T2DM, and it was previously identified as a marker and predictor
of T2DM (Gall et al., 2010; Cobb et al., 2016; Vangipurapu et al.,
2019; Ferrannini et al, 2022). a-HBA is a byproduct of
a-ketobutyric acid synthesis, a product of AA catabolism
(Thre and Met) and glutathione anabolism (Cys formation
pathway) in hepatic tissue (Sousa et al, 2021). Trico and
coworkers (Trico et al, 2017) has demonstrated that a-HBA
level increased in IR, potentially due to a metabolic overload
(through BCAA and free FAs) and oxidative stress (by the higher
intracellular NADH/NAD + ratio).

GM can promote the production and utilization of AAs,
which can be absorbed across the gut and accumulate in the
blood. Thus, the GM could influence serum AA levels (Shen et al.,
2021) (Supplementary Table S1). Subjects with IR also exhibit
proliferation of Prevotella copri and Bacteroides vulgatus, which
elevate the circulating levels of BCAAs (Li et al., 2017). AAs have
an important role in multiple pathophysiological processes
(Zhou et al, 2021). Disturbances in AA metabolism are
closely involved in the pathogenesis of T2DM. Several AAs,
including especially BCAAs and aromatic AAs, have been
shown to be associated with increased risk of T2DM
(Vangipurapu et al., 2019; Long et al,, 2020). Pedersen et al.

(2016) suggested that intestinal microbiota could be an
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important source of increased levels of BCAAs and play a key role
in insulin resistance. In the presented study, in terms of BCAA,
differences in the level of Leu were observed. Leu serum
statistically higher in T2DM than in
prediabetic patients. Our results are in accordance with the
other findings showing significant association of BCAAs
(especially Leu) with T2DM (Lynch and Adams, 2014; Flores-
Guerrero et al., 2018; Gar et al., 2018; Hole¢ek, 2018).
Elevation of BCAAs leads to accumulation of carnitines in
muscle,
dysfunction, thereby aggravates insulin sensitivity (Lynch and
Adams, 2014). As it was already shown (Hu et al., 2019; Mojsak
et al, 2021), lower level of Cre in serum, also observed in our study,
might reflect a lower amount of skeletal muscle thus fewer target
sites for insulin which may partially explain the pathogenesis of
T2DM associated with lower serum level of Cre. In the comparison
of PreDiab vs. T2DM_group, we also observed decreased level of this
metabolite in T2DM group. In the study presented by Agus and
coworkers (Agus et al, 2018), bacteria and fungi capable of

abundance was

which induces oxidative stress and mitochondrial

degrading Cre have been identified in the human colon.
Consequently, accurate determination of these metabolites can be
essential for the early diagnosis of T2DM.

Previous studies have suggested that several metabolites of the
kynurenine pathway are diabetogenic to humans, which is directly or
indirectly controlled by microbiota (Oxenkrug, 2013). Kynurenine
pathway, involved in Trp metabolism, was previously reported as
being upregulated in T2DM. Enzyme responsible for conversion of
Trp to kynurenine has been shown to be regulated by microbiota
(Agus et al, 2018). In our study, we observed statistically significant
changes in an essential AA—Trp (FC = 1.96) in prediabetic patients
in comparison to T2DM. Trp is also a precursor for serotonin
synthesis in the gut mucosa (Jenkins et al,, 2016; Gao et al., 2020).
Interestingly, in our study, we observed elevated level of serotine,
associated with the increased risk of T2DM which is consistent with
previous findings (Yabut et al., 2019).

Org and coworkers (Org et al., 2017) showed the connection
between GM and Glu levels. Higher Glu levels in plasma were
significantly associated with higher bacterial abundance such as
Clostridales. Several species from unclassified Clostridales
positively correlated with glutamine concentrations. It was
revealed that Glu and GA are related to T2DM. In P-cells,
glutamine is transported by blood and accumulated in plasma,
then further converted to GA (Jenstad and Chaudhry, 2013).
Cheng et al. reported that plasma Glu, glutamate, and the Glu/
glutamate ratio were strongly associated with IR. GA
concentration is also one of the most important indicators of
diabetic retinopathy (Cheng et al,, 2012).

To evaluate the utility of significant metabolites as potential
T2DM biomarkers, ROC curve analyses were performed (Figure 6).
The AUC of the combination of five AAs and two FAs revealed the
most powerful capability to discriminate between prediabetics and
T2DM patients. This combination might serve as a potential T2DM
indicator as it provides improved specificity compared to single
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metabolite measurement. The diagnostic accuracy of these
metabolites could be further enhanced by combining it with
other routine diagnostic parameters such as FP glucose or HbAlc.

Conclusion

In the presented study, we focused on the comparison of
different sample preparation conditions including different
solvents for protein precipitation and two steps of derivatisation,
MeOx followed by SIL. We analysed two matrices (serum and
plasma) in the context of 75 MDMs. The comprehensive evaluation
of the results revealed that sample preparation with methanol with
the addition of water provided the most stable signals for MDMs.
Our results also suggest that a MeOx volume and concentration has
the greatest impact on repeatability and intensity, whereas
derivatisation reaction conditions mostly influence the reaction
speed and completeness of this process.

It is important to have a repeatable and reproducible method
for the determination of MDMs in blood-related samples, as it
can be used to study the role of such a metabolites in the
development of different diseases. In this study we applied
this method to analyze serum samples obtained from
prediabetic and T2DM patients. In total, 18 MDMs
discriminated T2DM patients from prediabetics. Seven of
them (SA, GA, Leu, Trp, Trans-4-hydroxy-L-proline, Orn
and OA), based on the SVM classification model, were
selected as a panel of potential biomarkers, able to distinguish
between patients with T2DM and prediabetes. As our findings
were derived from a small group, future validation of these results
in a large-scale cohort study is needed.
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10. Streszczenie

Cukrzyce typu 2 (z ang. type 2 diabetes mellitus, T2DM) uwaza si¢ za jedna
z najgrozniejszych choréb cywilizacyjnych XXI wieku. W poczatkowym etapie choroba
ta zwykle przebiega bezobjawowo, przez co jej wczesne wykrywanie jest utrudnione.
Przewlekta hiperglikemia prowadzi do wielu mikro— i makronaczyniowych powiktan,
ktoére mogg przyczynia¢ si¢ do wielonarzadowych uszkodzen. Ze wzgledu na ciagly wzrost
liczby o0s6b z T2DM, zasadne jest poszukiwanie nowych rozwigzan pozwalajacych
na zrozumienie mechanizméw odpowiedzialnych za powstawanie tej choroby. W ostatnim
czasie duzo uwagi poswigca si¢ badaniom metabolomicznym, ktore wykorzystuje si¢ mi¢dzy

innymi do badania wptywu réznych czunnikow odpowiedzialnych za rozwoj T2DM.

Znaczacg role w etiologii tej choroby odgrywa mikrobiom jelitowy. Jest on
odpowiedzialny m.in. za przemiany zwigzkéw drobnoczasteczkowych, okreslanych mianem
metabolitow zaleznych od mikrobiomu (z ang. microbiota dependent metabolites, MDMs),
ktére mogg rowniez przenika¢ do krwiobiegu. Inne czynniki ryzyka rozwoju T2DM, takie
jak niewlasciwa dieta, siedzacy tryb zycia oraz polimorfizmy genetyczne (np.: w genie PROX
1, z ang. Prospero Homeobox 1) takze moga powodowa¢ zmiany w poziomie MDMs.
Dlatego tez oznaczanie tego typu zwigzkoéw u pacjentdw z grupy ryzyka moze przyczynic si¢
do wskazania panelu metabolitow biorgcych udziat w procesach biochemicznych
prowadzacych do rozwoju T2DM. Chromatografia gazowa polaczona ze spektrometrig mas
(GC-MS) jest czesto wykorzystywana w badaniach metabolomicznych nad T2DM. Technika
ta zyskata duzg popularno$¢ m.in. ze wzglgdu na mozliwos¢ jednoczesnej analizy wielu
MDMs, nalezacych do réznych klas. Jednak oznaczanie jak najszerszego spektrum MDMs
w probkach krwi wymaga optymalizacji protokotu przygotowania probek. Jest to szczegolnie
wazne w przypadku analiz przy uzyciu GC-MS, gdyz w przypadku wielu metabolitow

konieczna jest ich derywatyzacja przed oznaczaniem tg technika.

Glownym celem badan bylo poszukiwanie metabolitéw zwigzanych z florg jelitowa,
wskazujacych na ryzyko rozwoju T2DM. Aby zrealizowa¢ cel gtowny, wyznaczono
nastepujace cele posrednie: 1) opracowanie metody przygotowania probek osocza/surowicy
do analiz przy uzyciu GC-MS pozwalajacej na jak najlepszy pomiar wybranych MDMs,
i) aplikacja opracowanej metody GC—MS do analizy probek klinicznych celem wskazania
roéznic w profilu metabolitoéw surowicy osob zdrowych, w stanie przedcukrzycowym oraz ze
zdiagnozowang T2DM, iii) wykorzystanie techniki GC-MS do okre$lenia popositkowych
(positek wysokoweglowodanowy (WW) i normoweglowodanowy (NW)) zmian w profilu
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metabolitow osocza zdrowych me¢zczyzn w zaleznosci od obecnosci polimorfizmu w genie

PROX1.

W celu osiagnigcia zalozen pracy naukowej i zweryfikowania postawionych hipotez
badawczych, przeprowadzono badania naukowe na archiwalnym materiale biologicznym
(probki surowicy oraz osocza) zgromadzonym od ochotnikéw rasy kaukaskiej podczas
realizacji projektu pt. ,Rola czynnikéw behawioralnych, antropometrycznych
i molekularnych w rozwoju cukrzycy typu 2 — projekt 1000PLUS”. Do badan wykorzystano
materiat pobrany od 42 pacjentow w stanie przedcukrzycowym (53.049.1 lat). Po 5 latach
obserwacji u 24 pacjentow rozwingta si¢ T2DM, natomiast 18 pacjentow pozostalo w stanie
przedcukrzycowym. Dodatkowo wykorzystano materiat zebrany od 18 zdrowych mezczyzn
(35.5£8.0 lat) wsrod ktorych 12 charakteryzowato si¢ genotypem ryzyka rozwoju T2DM
w genie PROX1, a 6 miato genotyp ochronny. W obu badaniach osoby w porownywanych
grupach byty dopasowane pod wzgledem parametréw klinicznych i antropometrycznych.

Do opracowania metody przygotowania probek wykorzystano krew od zdrowych osob.

Na podstawie dokonanego przegladu literatury stwierdzono, ze rozwojowi T2DM
towarzysza zmiany w poziomie metabolitow zwigzanych z florg jelitowa. Metabolity te to
glownie weglowodany, aminokwasy oraz kwasy tluszczowe. Podczas optymalizacji metody
przygotowania probek osocza/surowicy do oznaczen MDMs technikag GC-MS okazato sig,
ze najlepsze rezultaty uzyskuje si¢ przy przygotowaniu probek za pomoca metanolu
z dodatkiem wody. Ponadto wykazano, ze objetos¢ i stgzenie odczynnika do metoksymacji
maja najwiekszy wplyw na powtarzalnos$¢ i intensywnos$¢ oznaczanych metabolitow, podczas
gdy warunki procesu derywatyzacji w najwickszym stopniu wptywaja na kompletnos¢ tego
procesu. Opracowana metoda pozwala na powtarzalny pomiar w probkach osocza
lub surowicy 75 metabolitow zwigzanych z florg jelitowa. Na podstawie analizy probek
klinicznych wykazano roznice w profilu metabolitoéw zwigzanych z florg jelitowa pomigdzy
osobami ze stanem przedcukrzycowym oraz ze zdiagnozowang T2DM. Dodatkowo,
w oparciu o otrzymane wyniki, wykonano analizy krzywych ROC dla wybranych zmiennych.
Na ich podstawie wskazano panel siedmiu metabolitow, ktérych pomiar w surowicy pozwala
odr6zni¢ osoby ze stanem przedcukrzycowym od osob z T2DM. Oba testy prowokacyjne
(WW, NW) wywotaty zmiany w poziomie MDMs u zdrowych os6b majacych predyspozycije
genetyczne do rozwoju T2DM w genie PROX1, ktorych nie odnotowano u 0s6b z genotypem
ochronnym. Réznice w odpowiedzi popositkowe] moga by¢ zrédtem wezesnych zaburzen
metabolicznych, takze w poziomie metabolitow zwigzanych z GM, ktore mogg by¢

powiazane z przysztym rozwojem T2DM.

133



11. Summary

Type 2 diabetes mellitus (T2DM) is considered one of the most dangerous civilization
diseases of the 21st century. Often in the initial stage, this disease is asymptomatic, making
it early detection challenging. Chronic hyperglycemia leads to various micro—
and macrovascular complications that may contribute to multi-organ damage. Due to the
continuous increase in the number of people with T2DM, it is reasonable to search for new
solutions to understand the mechanisms responsible for the development of this disease.
Recently, much attention has been paid to metabolomic studies, which are used, among

others, to study the impact of various factors responsible for the development of T2DM.

The intestinal microbiome plays a significant role in the etiology of T2DM. It is
responsible, among others, for transforming many small molecule compounds, known
as microbiota-dependent metabolites (MDMSs), which can also penetrate the bloodstream.
Other risk factors for T2DM development, such as unhealthy diet, sedentary lifestyle, and
genetic polymorphisms (e.g. in the PROX 1 gene, Prospero Homeobox 1), may also cause
changes in the level of MDMs. Therefore, the determination of such compounds in patients
at risk can indicate the biochemical processes leading to the development of T2DM. Gas
chromatography coupled to mass spectrometry (GC-MS) is often used in metabolomics
studies on T2DM. Among other applications, this technique has gained great popularity due
to its ability to analyze many MDMs belonging to different classes. However, determining
the widest possible spectrum of MDMs in blood samples requires optimizing the sample
preparation protocol. This is particularly important in the case of GC-MS analysis, as many

metabolites require derivatization before determination by this technique.

The main goal of my research was to search for metabolites related to gut microflora
indicating the risk of T2DM development. To achieve the primary goal, the following
intermediate objectives were set: i) the development of a serum/plasma sample preparation
method for GC-MS analysis allowing for the best measurement of selected MDMs,
i) the application of the developed GC-MS method to the analysis of clinical samples
to indicate differences in serum metabolic profiles between patients with prediabetes and
T2DM, iii) using the GC-MS technique to determine postprandial (high-carbohydrate (HC)
and normo-carbohydrate (NC) meal) changes in serum metabolite profiles of healthy men

depending on the presence of the PROX1 gene single nucleotide polymorphism.
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To achieve the goals and verify the hypotheses, scientific research was conducted
on archival biological material (serum and plasma samples) collected from Caucasian
volunteers during the implementation of the project entitled "The Role of Behavioral,
Anthropometric,and Molecular Factors in the Development of Type 2 Diabetes - the
1000PLUS Project”. The material obtained from 42 pre-diabetic patients (53.0+9.1 years)
was analyzed. From this group, after 5 years of observation, 24 patients developed T2DM,
while 18 patients remained pre-diabetic. Additionally, material collected from 18 healthy men
(35.5+8.0 years) was analyzed. Among them, 12 had a genetic polymorphism in the PROX1
gene promoting T2DM development, and 6 had a protective genotype. In both studies,
individuals in the groups being compared were matched for clinical and anthropometric
parameters. Blood from healthy individuals was used to develop the sample preparation

method.

Based on the literature review, it was found that the development of T2DM is accompanied
by changes in the level of metabolites related to the gut microbiota. These metabolites are
mainly carbohydrates, amino acids and fatty acids. During the optimization of the sample
preparation method for determining MDMs with GC-MS, it was found that the best results
are obtained when samples are prepared with methanol and water. In addition, it was shown
that the volume and concentration of the methoxyamine reagent have the greatest influence
on the repeatability and intensity of the measured metabolites, while the conditions of the
derivatization process have the greatest influence on the completeness of this process. The
developed method allows the reproducible measurement of 75 serum/plasma metabolites
associated with gut microbiota. Based on the analysis of clinical samples, differences in the
profile of gut microbiota-related metabolites were shown between healthy patients,
individuals with a pre-diabetic state and those with diagnosed T2DM. Additionally,
for selected variables ROC curve analyses were performed. It allowed the selection of seven
metabolites which measurement in serum allows to distinguish individuals with pre-diabetes
from those with T2DM. Both provocative tests (WW, NW) caused changes in the level
of MDMs in healthy individuals with genetic predispositions for the development of T2DM
in the PROX1 gene, which were not observed in individuals with a protective genotype. These
differences in postprandial response may be a source of early metabolic disturbances, also
at the level of metabolites related to the gut microbiota, which may be associated with future
T2DM development.
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13. Informacje o charakterze udzialu wspétautoréw w publikacji

»The role of gut microbiota (GM) and GM-related metabolites in diabetes
and obesity. A review of analytical methods used to measure GM-related
metabolites in fecal samples with a focus on metabolites' derivatization step”
autorow: Patrycja Mojsak, Fernanda Rey—Stolle, Ewa Parfieniuk, Adam Kretowski,
Michat Ciborowski, opublikowanej w Journal of Pharmaceutical and Biomedical
Analysis 2020:191, Article ID 113623, 25 pp

Imig 1 nazwisko _
Charakter udzialu Procentowy wkiad
wspotautora

— koncepcja pracy
doktorant — mgr Patrycja

— wspotuczestnictwo 80%
Mojsak w gromadzeniu literatury
— wspolttworzenie manuskryptu
— wspotuczestnictwo
Fernanda Rey-Stolle w gromadzeniu literatury 5%
— wspoltworzenie manuskryptu
drn med. Ewa — wspoluczestnictwo 50
Parfieniuk w gromadzeniu literatury
prof. dr hab. Adam — opracowanie koncepcji pracy 504
Kretowski — 0ocena merytoryczna pracy

— opracowanie koncepcji pracy
— nadzorowanie pracy 504
Ciborowski — analiza i dyskusja wynikow
— ocena merytoryczna pracy

dr hab. Michat

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgod¢ na wykorzystanie

powyzszej publikacji w pracy doktorskiej mgr Patrycji Mojsak.
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M?® Fernanda Rey-Stolle Valcarce 14/03/2023, Madrid, Spain

name and last name of the author data, place

Centre for Metabolomics and Bioanalysis (CEMBIO)

affiliation/name of the university

San Pablo CEU University,
Boadilla del Monte, Madrid, Spain

Statement
I confirm that in the article:

»The role of gut microbiota (GM) and GM-related metabolites in diabetes and
obesity. A review of analytical methods used to measure GM-related metabolites in fecal
samples with a focus on metabolites' derivatization step” by Patrycja Mojsak. Fernanda
Rey-Stolle, Ewa Parfieniuk, Adam Kretowski, Michal Ciborowski published in Journal of
Pharmaceutical and Biomedical Analysis 2020: 30; 191: 113617 which is a part of the doctoral
dissertation of Patrycja Mojsak, my contribution (5%) included a literature search and

substantive evaluation of the manuscript.

I agree to use this publication by Patrycja Mojsak, in the procedure for awarding the
doctoral degree in the field of medical sciences and health sciences in the discipline of medical

sciences.

signature
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Dr n med. Ewa Paszkowska Bialystok, 10, O5. 2025

imig i nazwisko wspdtautora miejscowosé, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Bialystok

Os$wiadczenie

Oswiadczam, iz m6j udziat w przygotowaniu publikacji:
»The role of gut microbiota (GM) and GM-related metabolites in diabetes and obesity.
A review of analytical methods used to measure GM-related metabolites in fecal samples
with a focus on metabolites' derivatization step” autorow: Patrycja Mojsak, Fernanda Rey—
Stolle, Ewa Parfieniuk, Adam Kretowski, Michat Ciborowski, opublikowanej w Journal of
Pharmaceutical and Biomedical Analysis 2020: 191, 113623, wchodzacej w sktad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprz¢zonej ze spektrometria mas
do poszukiwania metabolitow zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 27, wynoszacy 5 % polegal na wspoluczestnictwie w gromadzeniu

literatury.
Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji

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

w dyscyplinie nauki medyczne.
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Prof. dr hab. Adam Kretowski Biatystok, ©%.09. 015

imie i nazwisko wspélautora miejscowosé, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji:
»The role of gut microbiota (GM) and GM-related metabolites in diabetes and obesity.
A review of analytical methods used to measure GM-related metabolites in fecal samples
with a focus on metabolites' derivatization step” autoréw: Patrycja Mojsak, Fernanda Rey—
Stolle, Ewa Parfieniuk, Adam Krgtowski, Michat Ciborowski, opublikowanej w Journal of
Pharmaceutical and Biomedical Analysis 2020: 191, 113623, wchodzacej w sktad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprz¢zonej ze spektrometriz mas do
poszukiwania metabolitéw zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 27, wynoszacy 5 % polegal na opracowaniu koncepcji pracy oraz ocenie

merytorycznej pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.

AL
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dr hab. Michat Ciborowski Bialystok, 09.05.2023

imig i nazwisko wspélautora miejscowosé¢, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Os$wiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacii:
»The role of gut microbiota (GM) and GM-related metabolites in diabetes and obesity.
A review of analytical methods used to measure GM-related metabolites in fecal samples
with a focus on metabolites' derivatization step” autoréw: Patrycja Mojsak, Fernanda Rey—
Stolle, Ewa Parfieniuk, Adam Kretowski, Michat Ciborowski, opublikowanej w Journal of
Pharmaceutical and Biomedical Analysis 2020: 191, 113623, wehodzacej w sktad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzgzonej ze spektrometria mas
do poszukiwania metabolitow zwiazanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 27, wynoszacy 5 % polegal na opracowaniu koncepcji pracy,

nadzorowaniu pracy, analizie i dyskusji wynikéw oraz ocenie merytorycznej pracy.

Jednoczesnie wyrazam zgod¢ na wykorzystanie przez Patrycje Mojsak publikacji

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

Gb@ FORNS

w dyscyplinie nauki medyczne.
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»Optimization of a GC-MS method for the profiling of microbiota—
dependent metabolites in blood samples: an application to type 2 diabetes and
prediabetes” autoréw: Patrycja Mojsak, Katarzyna Maliszewska, Paulina
Klimaszewska, Katarzyna Miniewska, Joanna Godzien, Julia Sieminska, Adam
Kretowski, Michal Ciborowski; opublikowanej w Frontiers Molecular Biosciences
2022: 9, 982672.

Il’nl@,l nazwisko Charakter udziatu Procentowy
wspotautora wktad
— opracowanie koncepcji pracy
doktorant — mgr Patrycja | — przeprowadzenie badania 50%
Mojsak — analiza danych
— opracowanie manuskryptu
— opracowanie koncepcji pracy
dr n. med. Katarzyna — ocena merytoryczna uzyskanych 20%
Maliszewska wynikow,
— wspoéttworzenie manuskryptu
mgr Paulina — opracowanie metodyki badania 506
Klimaszewska — przeprowadzenie analiz
dr n. med. Katarzyna . )
Miniewska — wspottworzenie manuskryptu 5%
dr Joanna Godzien — ocena merytoryczna pracy 5%
mgr Julia Sieminska — analiza danych 5%
— opracowaniu koncepcji pracy
prof. dr hab. Adam — pozyskanie finansowania na 50
Kretowski przeprowadzenie badania
— nadzorowanie pracy
— opracowanie koncepcji pracy
dr hab. Michat — nadzorowanie pracy 504
Ciborowski — analiza i dyskusja wynikow
— 0ocena merytoryczna pracy

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgod¢ na wykorzystanie

powyzszej publikacji w pracy doktorskiej mgr Patrycji Mojsak.
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Dr Katarzyna Maliszewska Bialystok, 0% 05.104%

imig i nazwisko wspélautora miejscowos¢, data

Klinika Endokrynologii, Diabetologii
i Choréb Wewnetrznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Os$wiadczenie

Os$wiadczam, iz méj udziat w przygotowaniu publikacji:
Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: An application to type 2 diabetes and prediabetes autorow: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowane we Frontiers
Molecular Biosciences 9:982672, wchodzacej w skiad rozprawy doktorskiej ,, Wykorzystanie
chromatografii gazowej sprzgzonej ze spektrometria mas do poszukiwania metabolitow
zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko rozwoju cukrzycy typu 27,
wynoszacy 20 % polegal na opracowaniu koncepcji pracy, ocenie merytorycznej uzyskanych

wynik6w oraz wspottworzeniu manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikaciji
W postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.
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Megr Paulina Klimaszewska Bialystok, 10, 05,3015

imig i nazwisko wspétautora miejscowos¢, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Os$wiadczenie

Oswiadczam, iz mo6j udziat w przygotowaniu publikacji:
Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: An application to type 2 diabetes and prediabetes autorow: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowane we Frontiers
Molecular Biosciences 9:982672, wchodzacej w sktad rozprawy doktorskiej ,, Wykorzystanie
chromatografii gazowej sprzezonej ze spektrometria mas do poszukiwania metabolitow
zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko rozwoju cukrzycy typu 27,

wynoszacy 5 % polegal na opracowaniu metodyki badania oraz przeprowadzeniu analiz.
e

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.

Qudina. Flomaszewsia,
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Dr n. med. Katarzyna Miniewska Biatystok, 28.01.2023

imig i nazwisko wspélautora miejscowosé, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz mdj udziat w przygotowaniu publikacji:
»Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: an application to type 2 diabetes and prediabetes”, autoréw: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowanej w Journal
of Pharmaceutical and Biomedical Analysis (2020:191, Article ID 113617), wchodzacej
w skiad rozprawy doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej
ze spektrometrig mas do poszukiwania metabolitdw zwigzanych z mikrobiomem jelitowym,
wskazujgcych na ryzyko rozwoju cukrzycy typu 2, wynoszacy 5 % polegat na wspottworzeniu

manuskryptu.
Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji

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

w dyscyplinie nauki medyczne.
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Dr Joanna Godziea Bialystok, AO. Q5.0

imie i nazwisko wspétautora miejscowosé, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Bialystok

Os$wiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji:
Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: An application to type 2 diabetes and prediabetes autoréw: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowane we Frontiers
Molecular Biosciences 9:982672, wehodzacej w sktad rozprawy doktorskiej ,, Wykorzystanie
chromatografii gazowej sprzezonej ze spektrometrig mas do poszukiwania metabolitow
zwigzanych z mikrobiomem jelitowym, wskazujgcych na ryzyko rozwoju cukrzycy typu 27,

wynoszgcy 5 % polegat na ocenie merytorycznej pracy.
Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji

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

w dyscyplinie nauki medyczne.
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Mgr Julia Sieminska Bialystok, 10 o9 . 10L>

imie i nazwisko wspélautora miejscowosé, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Bialystok

Oswiadczenie

Os$wiadczam, iz mdj udziat w przygotowaniu publikacji:
Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: An application to type 2 diabetes and prediabetes autoréw: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowane we Frontiers
Molecular Biosciences 9:982672, wchodzacej w sktad rozprawy doktorskiej ,, Wykorzystanie
chromatografii gazowej sprzezonej ze spektrometrig mas do poszukiwania metabolitow
zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko rozwoju cukrzycy typu 27,

noszacy 5 % polegal na analizie danych.
wyi

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Prof. dr hab. Adam Kretowski Bialystok, {0. O%. 409

imig i nazwisko wspétautora miejscowo$¢, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz moj udziat w przygotowaniu publikaciji:
Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: An application to type 2 diabetes and prediabetes autoréw: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowane we Frontiers
Molecular Biosciences 9:982672, wchodzacej w skiad rozprawy doktorskiej ,,Wykorzystanie
chromatografii gazowej sprzgzonej ze spektrometrig mas do poszukiwania metabolitéw
zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko rozwoju cukrzycy typu 27,
wynoszacy 5 % polegat na opracowaniu koncepcji pracy, pozyskiwaniu finansowania na

przeprowadzone badania oraz nadzorowaniu pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
W postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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dr hab. Michat Ciborowski Biatystok, 09.05.2023

imig i nazwisko wspétautora miejscowosé, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatlystok

Oswiadczenie

Os$wiadczam, iz méj udziat w przygotowaniu publikacji:
Optimization of a GC-MS method for the profiling of microbiota-dependent metabolites
in blood samples: An application to type 2 diabetes and prediabetes autoréw: Patrycja
Mojsak, Katarzyna Maliszewska, Paulina Klimaszewska, Katarzyna Miniewska, Joanna
Godzien, Julia Sieminska, Adam Kretowski, Michal Ciborowski opublikowane we Frontiers
Molecular Biosciences 9:982672, wchodzacej w sktad rozprawy doktorskiej ,,Wykorzystanie
chromatografii gazowej sprzezonej ze spektrometria mas do poszukiwania metabolitow
zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko rozwoju cukrzycy typu 27,
wynoszacy 5 % polegal na opracowaniu koncepcji pracy, nadzorowaniu pracy, analizie
i dyskusji wynikow oraz ocenie merytorycznej pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
W postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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»A preliminary study showing the impact of genetic and dietary factors
on GC-MS-based plasma metabolome of patients with and without PROX1-
genetic predisposition to T2DM up to 5 years prior to prediabetes appearance”
autorow: Patrycja Mojsak, Katarzyna Miniewska, Adrian Godlewski, Edyta
Adamska—Patruno, Paulina Samczuk, Fernanda Rey-Stolle, Witold Bauer, Coral
Barbas, Adam Kretowski, Michat Ciborowski opublikowanej w w Current Issue in
Molecular Biology 2021: 43, 513-528.

Im1e;,1 nazwisko Charakter udziatu Procentowy

wspolautora wktad
— opracowanie koncepcji pracy

doktorant — mgr Patrycja | — przeprowadzenie badania 60%

Mojsak — analiza danych
— opracowanie manuskryptu

dr n. med. Katarzyna — wykonanie analizy statystycznej 10%

Miniewska — wspottworzenie manuskryptu

mar Adrian Godlewski — opracowanie m.etodyk.i badania 504
— przeprowadzenie analiz

g;tr; i?]'oEdyta Adamska- — opracowanie koncepcji pracy 2%

dr n. med. Paulina — przygotowanie probek do badan, 504

Samczuk — analiza danych

Fernanda Rey-Stolle - analiza danych 2%
— ocena merytoryczna pracy

dr inz. Witold Bauer — analiza statystyczna 3%

Coral Barbas — ocena merytoryczna pracy 3%

prof. dr hab. Adam — opracowaniu koncepcji pracy 50

Kretowski — nadzorowanie pracy

dr hab. Michal - oprzi.covyanle kor]cepq |' p,racy

Ciborowski — analiza i dyskusja wynikow 9%
— 0ocena merytoryczna pracy

Oswiadczam, ze wszyscy wspoOtautorzy wyrazili zgod¢ na wykorzystanie

powyzszej publikacji w pracy doktorskiej mgr Patrycji Mojsak.
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Dr. n. med. Katarzyna Miniewska Biatystok, 28.01.2023

imie i nazwisko wspélautora miejscowos¢, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Os$wiadczam, iz méj udziat w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to T2DM
up to 5 years prior to prediabetes appearance” autoréw: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda Rey-
Stolle, Witold Bauer, Coral Barbas, Adam Kregtowski, Michat Ciborowski opublikowanej
w Current Issue in Molecular Biology 2021: 43, 513-528., wchodzacej w sklad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej ze spektrometrig mas
do poszukiwania metabolitow zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 2, wynoszacy 10 % polegal na wykonaniu analizy statystycznej oraz

wspottworzeniu manuskryptu.
Jednoczesnie wyrazam zgodg na wykorzystanie przez Patrycje Mojsak publikaciji

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

w dyscyplinie nauki medyczne.
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i lewski Bialystok, - ( , s
e L0325

imig i nazwisko wspétautora miejscowos¢, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Bialymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz m6j udziat w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to T2DM
up to S years prior to prediabetes appearance” autoréw: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda Rey-
Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michal Ciborowski opublikowanej
w Current Issue in Molecular Biology 2021: 43 (2), 513-528, wchodzgcej w sklad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej ze spektrometria mas
do poszukiwania metabolitdw zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 2”, wynoszacy 5 % polegal na opracowaniu metodyki badania

oraz przeprowadzeniu analiz.

Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
W postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.

Qﬁ/ veam jod(@lg,i/u‘

163



Dr hab. Edyta Adamska-Patruno Biatystok,

............................................................ HA7F2.......
imig i nazwisko wspétautora miejscowosé, data
Centrum Badan Klinicznych
nazwa jednostki

Uniwersytet Medyczny w Bialymstoku
ul. Marii Sklodowskiej-Curie 24a
15-276 Biatystok

Oséwiadczenie

Oswiadczam, iz m6j udziat w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to T2DM
up to S5 years prior to prediabetes appearance” autoréw: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda Rey-
Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michal Ciborowski opublikowanej
w Current Issue in Molecular Biology 2021: 43 (2), 513-528, wchodzacej w sktad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej ze spektrometrig mas
do poszukiwania metabolitow zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko

rozwoju cukrzycy typu 2”, wynoszacy 2 % polegat na opracowaniu koncepcji pracy.
Jednoczesnie wyrazam zgod¢ na wykorzystanie przez Patrycje Mojsak publikacji
W postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.

/ -
cste Rotwente 14742
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dr n. med. Paulina Samczuk Biatystok, 18.01.2023 .

imig i nazwisko wspélautora migjscowosc, data

Laboratorium Metabolomiki, Centrum Badan Klinicznych

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

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Ofwiadczenie

Oéwiadczam, iz moj udziat w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to T2ZDM
up to 5 years prior to prediabetes appearance” autoréw: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda
Rey-Stolle, Witold Bauer, Coral Barbas, Adam Krgtowski, Michat Ciborowski opublikowanej
w Current Issue in Molecular Biology 2021: 43, 513-528., wchodzgcej w sklad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej ze spektrometrig mas do
poszukiwania metabolitéw zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 27, wynoszacy 5 % polegal na przygotowaniu probek do badan

oraz analizie danych.

Jednoczeénie wyrazam zgode na wykorzystanie przez Patrycj¢ Mojsak publikacji
W postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.

C Pbine Soodm
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M Fernanda Rey-Stolle Valcarce 14/03/2023, Madrid, Spain

name and last name of the author data, place

Centre for Metabolomics and Bioanalysis (CEMBIO)

daffiliation/name of the university

San Pablo CEU University,
Boadilla del Monte, Madrid, Spain

Statement
I confirm that in the article:

»A preliminary study showing the impact of genetic and dietary factors on GC-
MS-based plasma metabolome of patients with and without PROXI-genetic
predisposition to T2DM up to 5 years prior to prediabetes appearance” by Patrycja
Mojsak, Katarzyna Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk,
Fernanda Rey-Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michal Ciborowski
published in Current Issue in Molecular Biology 2021: 43 (2), 513-528 which is a part of the
doctoral dissertation of Patrycja Mojsak, my contribution (2%) included data analysis and

substantive evaluation of the manuscript.

I agree to use this publication by Patrycja Mojsak, in the procedure for awarding the
doctoral degree in the field of medical sciences and health sciences in the discipline of medical

sciences.

signature
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Dr inz. Witold Bauer Biatystok, (09 .05 .20LD

imig i nazwisko wspélautora miejscowos¢, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz m6j udziat w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to TZ2DM
up to 5 years prior to prediabetes appearance” autoréw: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda Rey-
Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michat Ciborowski opublikowanej
w Current Issue in Molecular Biology 2021: 43, 513-528., wchodzacej w sktad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzgzonej ze spektrometriz mas
do poszukiwania metabolitéw zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko

rozwoju cukrzycy typu 27, wynoszacy 3% polegat na wykonaniu analizy statystyczne;j.

Jednoczeénie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne.

R e
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Coral Barbas Arribas 14/03/2023, Madrid, Spain

name and last name of the author data, place

Centre for Metabolomics and Bioanalysis (CEMBIO)

affiliation/name of the university

San Pablo CEU University,
Boadilla del Monte, Madrid, Spain

Statement
I confirm that in the article:

»A preliminary study showing the impact of genetic and dietary factors on GC-
MS-based plasma metabolome of patients with and without PROXI-genetic
predisposition to FTZDM up to 5 years prior to prediabetes appearance” by Patrycja
Mojsak, Katarzyna Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk,
Fernanda Rey-Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michal Ciborowski
published in Current Issue in Molecular Biology 2021: 43 (2), 513-528 which is a part of the
doctoral dissertation of Patrycja Mojsak, my contribution (3%) included substantive evaluation

of the manuscript.

I agree to use this publication by Patrycja Mojsak, in the procedure for awarding the
doctoral degree in the field of medical sciences and health sciences in the discipline of medical

sciences.

signature
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Prof. dr hab. Adam Kretowski Biatystok, O 05 . A0L>

imig i nazwisko wspolautora miejscowos¢, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Biatystok

Oswiadczenie

Oswiadczam, iz m6j udzial w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to T2DM
up to 5 years prior to prediabetes appearance” autorow: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda Rey-
Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michal Ciborowski opublikowanej w
Current Issue in Molecular Biology 2021: 43 (2), 513-528, wchodzacej w skiad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej ze spektrometrig mas do
poszukiwania metabolitéw zwiazanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 27, wynoszacy 5 % polegal na opracowaniu koncepcji pracy oraz

nadzorowaniu pracy.
Jednoczesnie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji

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

dyscyplinie nauki medyczne.

P )
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Dr hab. Michat Ciborowski Biatystok, 09.05.2023

imig i nazwisko wspétautora miejscowosé, data

Centrum Badan Klinicznych

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Marii Sktodowskiej-Curie 24a
15-276 Bialystok

Oswiadczenie

Oswiadczam, iz moj udziat w przygotowaniu publikacji:
»A preliminary study showing the impact of genetic and dietary factors on GC-MS-based
plasma metabolome of patients with and without PROX1-genetic predisposition to T2DM
up to 5 years prior to prediabetes appearance” autoréw: Patrycja Mojsak, Katarzyna
Miniewska, Adrian Godlewski, Edyta Adamska-Patruno, Paulina Samczuk, Fernanda Rey-
Stolle, Witold Bauer, Coral Barbas, Adam Kretowski, Michal Ciborowski opublikowanej
w Current Issue in Molecular Biology 2021: 43 (2), 513-528, wchodzacej w sktad rozprawy
doktorskiej ,,Wykorzystanie chromatografii gazowej sprzezonej ze spektrometria mas
do poszukiwania metabolitéw zwigzanych z mikrobiomem jelitowym, wskazujacych na ryzyko
rozwoju cukrzycy typu 2”, wynoszacy 5 % polegat na opracowaniu koncepcji pracy, analizie

i dyskusji wynikow oraz ocenie merytorycznej pracy.
Jednocze$nie wyrazam zgode na wykorzystanie przez Patrycje Mojsak publikacji

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

dyscyplinie nauki medyczne.

C”\ b() J ONSL;

170



14.Zgoda Komisji Bioetycznej

KOMISJA BIOETYCZNA
PRZY UNIWERSYTECIE MEDYCZNYM W BIALYMSTOKU
ul. Jana Kilinskiego 1
15-089 Biatystok
tel. 85 748 54 07
komisjabioetyczna@umb.edu.pl

Biatystok, 19.05.2022 r.

Uchwata nr: APK.002.239.2022

Na podstawie art. 29 ust. 2 i 14 ustawy dnia 5 grudnia 1996 r. o zawodach
lekarza i lekarza dentysty (t.j. Dz. U. z 2021 r. poz. 790 z pdzn. zm.), Komisja
Bioetyczna przy Uniwersytecie Medycznym w Biatymstoku, po zapoznaniu si¢
z projektem badania zgodnie z zasadami GCP/ Guidelines for Good Clinical
Practice /- wyraza zgod e naprowadzenie tematu badawczego:
,Poszukiwanie metabolitow zwiazanych 2z rozwojem i czynnikami
predysponujacymi do rozwoju cukrzycy typu 2” przez dr hab. Michata
Ciborowskiego wraz z zespolem badawczym z UMB.

Planowany okres realiza€ji od 19.05.2022 r. do XI1.2023 r.

Przewodniczqcz} K/ misji Bl etycznej przy UMB
/, /
prof. dr hab. ? iaéy/l-Byld

Pouczenie:
1. Odwolanie od uchwaly komisji bioetycznej wyrazajgcej opinig moze wniesé:
1) n'mo.rl\‘r)dun/'cax
2) kierownik podmiotu, w ktérym eksperyment medyczny ma byc przeprowadzony:
3) komisja bioetyczna wiasciwa dla osrodka, ktéry ma uczesmiczyé w wieloosrodkowym eksperymencie medycznym.
2. Odwolanie, o ktorym mowa w ust. 1, wnosi si¢ za posrednictwem komisji bioetycznej, ktora podjela uchwale, do Odwolawczej Komisji
Bioetycznej w terminie 14 dni od dnia dor¢czenia uchwaty wyrazajgeej opinig.
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KOMISJA BIOETYCZNA
UNIWERSYTETU MEDYCZNEGO w BIALYMSTOKU
ul. Jana Kilifiskiego 1
15-089 Biatystok
tel. (085) 748 54 07, fax. (085) 748 55 08

rekto; wb.edu.pl

Biatystok, 30-01-2014

Uchwata nr: R-1-002/32/201 4

Komisja Bioetyczna Uniwersytetu Medycznego w Biatymstoku, po
Zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP/ Guidelines
for Good Clinical Practice /- w yraza zgode¢ naprowadzenie tematu
badawezego: ,Rola czynnikéw behawioralnych, antropometrycznych i
molekularnych w rozwoju cukrzycy typu 2 u pacjentéw z nadwagy i
otyloscig” przez prof. dr hab. Mari¢ Gérskg wraz z zespotem badawczym.

Przewodniczqqa Komisji Bioetycznej UMB

Prof. dr hab, Eiéb‘fé%ﬁ&é%hﬁa%-%&f{a(ﬁsﬂa
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UNIWERSYTET MEDYCZ
w Biatyn

KOMISJiA BIC /
15-089 Bialystok, ui. Jana Kiiinsk. 1

Uchwata nr: R-1-002/35/2009 29-01-2009r.

Komisja Bioetyczna Uniwersytetu Medycznego w Biatymstoku, po
zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP
/ Guidelines for Good Clinical Practice -wyraza zgod ¢ /na
prowadzenie  tematu  badawczego: ,,Analiza  genetycznych
uwarunkowan odpowiedzi metabolicznej na diet¢ o réznej zawartosci
weglowodanéw, bialek 1 thuszczy. Poszukiwanie genetycznych
markeréw do indywidualizacji Zywienia pacjentéw z otyloscia i
cukrzyca typu 2” przez prof. dr hab. Mari¢ Gdrskg wraz z zespotem
badawczym.
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