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Abstrakt

Predmétem této prace bylo studium reaktivity protickych metabolitd s chlormravenéany a
jejich vyuziti v metabolomické GC-MS analyze biotekutin. Tento vyzkum byl veden ve trech
samostatnych studiich a jeho vysledkem jsou tfi nové, origindlni metody pro GC-MS stanoveni
protickych nizkomolekularnich metabolit(i v biologickém materialu, predevsim biotekutinach.

Prvni studie zkoumda objev rychlé derivatizace alicyklickych hydroxylovych skupin
fluoralkylchlormravencany (FCF) v bezvodém prostiedi [1]. PUsobenim FCF dochazi k okamizité
preméné této hydroxylové skupiny na karbonat a tento krok Ize snadno spojit s mikroextrakci kapalina-
kapalina (LLME) vznikajicich derivat( do organické faze. Reakce alicyklické hydroxy skupiny s FCF byla
testovana celkem na 12 klinicky vyznamnych steroidech a 4 tokoferolech. Byly popsany analytické
vlastnosti zkoumanych analytll a metoda byla validovana pro stanoveni 6 diagnostickych sterol( a 4
tokoferoll v lidském séru a plodové vodé. Nova metoda byla dale Uspésné poufZita k identifikaci a
stanoveni steroll a tokoferol( ve tkanich hmyzu, ruménice pospolné (Pyrrhocoris apterus) [2].

Druha studie byla zaméfena na zkoumani reaktivity protickych, zejména kyselych mocovych
metabolitl s FCF, predevsim s heptafluorbutylchlormravenéanem (HFBCF). Technikami GC-MS a LC-
HRMS byly podrobné zkoumany reakéni produkty 153 mocovych metabolitd a dvou vnitfnich
standardud. Novy postup byl validovan pro stanoveni 132 metabolitl v lidské moci a Uspésné ovéren
pomoci GC-MS analyzy certifikovaného vzorku moci se znamymi koncentracemi diagnosticky
vyznamnych organickych kyselin a na analyze vzork( moci ziskanych od 100 zdravych dobrovolnikg.
Objem 25 pl moci umoznil pfimé stanoveni 112 fyziologickych metabolitl v tomto souboru vzorka [3].
Analyticky protokol popsané metody byl dale pfipraven pro kapitolu v knize [4].

Treti studie popisuje rychlou GC-MS metodu pro stanoveni kyselych mocovych biomarkerd
expozice pramyslovym zdravi Skodlivym latkam v lidské moci. Byly zkoumany reakce biomarkert
expozice benzenu, toluenu, styrenu, xylend, alkoxyethanoll, sirouhliku, furalu a N,N-
dimethylformamidu s rliznymi alkylchlormravencany (RCF). VétSina uvedenych biomarker(
poskytovala jeden predpokladany produkt, nékteré vsak poskytovaly s RCF jesté dalSi neobvykly
produkt. Jejich struktura byla jednoznacné potvrzena pomoci techniky LC-HRMS a derivatizacnich
¢inidel znacenych stabilnimi izotopy. Na zakladé ziskanych poznatk( byla vypracovana a validovana
nova GC-MS metoda pro soucasné stanoveni 14 biomarker( expozice v lidské moci a ovéfena pomoci
analyzy vzorku certifikované referen¢ni moci.

Nové poznatky ziskané pri vyzkumu reaktivity alicyklické hydroxylové skupiny a dalSich
protickych funkénich skupin metabolitl s chlormravencany v souhrnu vedly k vypracovani 3 novych
analytickych postup pfipravy biologickych vzork( s perspektivnim uplatnénim predevsim v oblasti GC-

MS metabolomické analyzy.



Abstract

The aim of this thesis has been the research on reactivity of protic metabolites with
chloroformates and its application for GC-MS analysis of biofluids. The research was conducted in three
separate studies and the results are three new, original methods for GC-MS determination of low-
molecular protic metabolites in biological material especially in biofluids.

The first study explores the discovery of fast derivatization of alicyclic hydroxyl groups by
fluoroalkyl chloroformates (FCFs) under anhydrous conditions [1]. FCF fully converts the hydroxyl
group into a corresponding carbonate and the step can easily be coupled with liquid-liquid
microextraction (LLME) of the arising derivatives into organic phase. The reaction of the alicyclic OH
group with FCFs was tested on 12 clinically relevant steroids and 4 tocopherols. The analytical
properties of determined analytes were described and the method was validated for the GC-MS
determination of 6 diagnostic sterols and 4 tocopherols in human serum and amniotic fluid. The new
method was further successfully used for determination of sterols and tocopherols in tissues of the
bug Pyrrhocoris apterus [2].

The second study was focused on the reactions of protic, particularly urinary metabolites with
FCFs, mainly heptafluorobutyl chloroformate (HFBCF). Reaction products of 153 urinary metabolites
with HFBCF and two internal standards were investigated in detail by GC-MS and LC-HRMS. The new
procedure was validated for 132 metabolites in human urine and was successfully evaluated by GC-
MS analysis of a certified urine sample containing known concentrations of diagnostic organic acids
and by analysis of urine samples obtained from 100 healthy volunteers. A urine sample volume of 25
ul allows direct determination of 112 metabolites in the sample set [3]. The analytical protocol was
further prepared for the chapter in the book [4].

The third study describes a rapid GC-MS method for determination of acidic urinary biomarkers
arising after human exposure to industrial pollutants. The exposition-biomarkers of benzene, toluene,
styrene, xylenes, alkoxyalcohol, carbon disulfide, fural, and N,N-dimethylformamide were examined
after the reaction with different alkyl chloroformates (RCFs). Whereas most of the analytes provided
a single, expected product, some provided another, unusual product. Their structure was clearly
confirmed by LC-HRMS and by derivatization with isotopically labelled agents. The method was
validated for determination of 14 biomarkers of exposure in human urine and successfully evaluated
by the analysis of a reference urine material.

New knowledge, acquired by the research of the reactivity of alicyclic hydroxyl group and other
protic function groups with alkyl chloroformates, enables perspective use particularly in the field of

GC-MS based metabolomics.
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1 Uvod

1.1 Biotekutiny a jejich metabolomicky vyzkum

Distribuce metabolit( i cizorodych latek (xenobiotik) je v kazdém organismu zajistovana
predevsim prostifednictvim cirkulace biologickych roztokl (biotekutin) obsahujicich nesmirné pestré
zastoupeni organickych i anorganickych latek. Metabolity predstavuji chemické struktury s Casto
naprosto rozdilnymi fyzikalné-chemickymi vlastnostmi, jejich zastoupeni se lisi az o nékolik radl. Navic
nékteré metabolity jsou zapojeny do velkého poctu metabolickych drah, zatimco jiné pouze do
nékolika z nich [5]. Analyza kompletniho souboru vsech metabolitl v organismu — metabolomu — proto
predstavuje mimoradné narocny ukol, ktery lze realizovat pouze pomoci uceleného souboru
analytickych metod [5].

Hlavni biotekutinou je v lidském téle krev, k dal§im patii lymfa, tkariovy mok, travici §tavy. Rada
metabolitl je z téla vylucovana prostfednictvim moce a potu. Hlavnim pfedmétem zdjmu je zkoumani
metabolomu odstfedéné krve ve formé krevni plasmy nebo séra, na druhé strané vyzkum metabolomu
latek vylu¢ovanych v moci, tzv. urinomika.

Metabolomickou analyzu dnes reprezentuje celd fada analytickych pfistupl. Nejcastéji se
provadi tzv. metabolické profilovani, kde se analyzuje, identifikuje a caste¢né kvantifikuje vybrany
pocet metabolitd, ktery nalezi do tfidy chemicky podobnych sloucenin (napf. aminokyseliny, sacharidy
nebo polarni lipidy), nebo které jsou spolecné zapojené do urcité metabolické drahy.

Z analytického hlediska je dllezité déleni metabolomické analyzy na necilenou a cilenou. Prvni
pfistup predstavuje systematicky screening latek v méreném vzorku, kdy hledame rozdily v zastoupeni
metabolitl ve srovnavani kontrolniho vzorku se vzorkem, ktery je predmétem naseho vyzkumu. Pokud
jsou nalezeny statisticky prokazatelné rozdily a podafi se vytvofit vhodnou hypotézu k pozorovanym
jevim, pokracuje vyzkum analyzou zacilenou na konkrétni metabolity vykazujici zmény v zastoupeni
pomoci klasické kvantitativni analyzy, kterd umozniuje podrobnéji posoudit hladiny zastoupeni
konkrétnich analyt( [6].

Pfi komplexnim vyzkumu metabolismu je velkd poptavka po novych, citlivych a robustnich
analytickych metodach umoziujicich Siroké pokryti metabolomu v konkrétni matrici. Hlavni vyzkumné
nastroje dnes predstavuji separacni metody ve spojeni s hmotnostni spektrometrii (MS) a nukledrni
magnetickd rezonance (NMR). Pfednosti a omezeni téchto instrumentdlnich technik jsou shrnuty

v tabulce 1 [7].



Tabulka 1: Srovnani analytickych metod vyuZivanych pfi studiu metabolomu [7].

Technika Vyhody Nevyhody
NMR e nedestruktivni technika * nizka citlivost
e minimalni pfiprava vzorku pred analyzou e vyssi pozadavky na objem vzorku
¢ snadna identifikace neznamych sloucenin
* moZnost méfeni in vivo
MS e rychly "screening" metabolit( ¢ identifikace metabolitl vSeobecné
e vysoka citlivost vyzaduje MS/MS
e minimalni pfiprava vzorku pred analyzou e efekty spojené s matrici
e doporuceno pro identifikaci neznamych e nekompatibilni s vysokou iontovou silou
sloucenin
GC-MS e vysoka separacni Ucinnost ¢ neschopnost analyzovat termolabilni
e idedlni pro analyzu sloZitych smési metabolity
e umoznuje soubéznou analyzu rGznych e vyzaduje derivatizace polarnich netékavych
tfid metabolitd metabolit{
¢ snadné rozhrani mezi GCa MS ¢ nesnadna identifikace neznamych
¢ reprodukovatelnost sloucenin po derivatizaci
LC-MS e vysoka citlivost e efekty spojené s matrici vzorku
e umoznuje analyzu termolabilnich ¢ nékdy nutnost odsolovani
metabolit{ e omezené informace o strukture
e primérné chromatografické rozliseni
CE-MS e minimalni potfeba vzorku i zakladniho ® obtizné rozhrani CE s MS, nekompatibilita

elektrolytu
e vysoké rozliseni
e uzite¢na pro analyzu sloZitych smési

zakladnich elektrolytd
* sloZita metodika a kvantifikace
* nizka citlivost

Plynova chromatografie spojend s hmotnostni detekci (GC-MS) patti mezi Casto pouZivané,

nakladové nejméné narocné techniky v metabolomickém vyzkumu. Je vhodna predevsim pro analyzu
tékavych a termostabilnich nizkomolekularnich slou¢enin. V organismu nicméné prevazuji metabolity
s polarnimi funkénimi skupinami, které byva nezbytné chemicky modifikovat nékterou
z derivatizacnich metod a zvysit tak jejich tékavost. Dvé hlavni derivatizacni metody v metabolomice
predstavuji silylace, (jejimiz hlavnimi produkty jsou trimethylsilyl a tert-butyldimethylsilyl derivaty)
v kombinaci s oximaci [8, 9] a dale pak derivatizace pomoci chlormravencéan( [10], diky nizZ |ze efektivné
preménit aminoskupiny na karbamaty, karboxyly na estery a OH, SH skupiny na pfislusné karbonaty
[11]. Zasadni prednosti tohoto postupu je, Zze probiha velice rychle s vysokymi vytézky ve vodném

prostifedi a dd se ¢asto aplikovat in situ, tedy pfimo v biologickém vzorku [12].
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1.2 Derivatizace chlormravencany (chlorformiaty)

Alkylchlormravencany (struktura uvedena na Obr 1) jsou v organické chemii znamy od zacatku
19. stoleti pro jejich schopnost tvofit smiSené anhydridy [13]. V analytické chemii zacaly byt pouZivany
od sedmdesatych let 19. stoleti k chrdanéni amino a fenolickych skupin [14 — 16] a pro tvorbu

intermediatl s aktivovanou karboxylovou skupinou [17, 18].

Obr. 1: Struktura chlormravencant (R — alkyl).

Chlormravencéany jsou vysoce reaktivni Cinidla, kterd reaguji s kyselinami za pfitomnosti
alkoholu a pyridinu za vzniku esterd [19], s thioskupinou za vzniku thiokarbonatd, s hydroxyskupinou
(alkoholovou ¢i fenolickou) za vzniku karbonatl a s aminoskupinou za vzniku karbamatd [11]. Hlavnimi
prednostmi derivatizace RCF ve srovnani se silylacemi jsou vedle reakce ve vodném prostredi, Ze
vznikaji stabilni produkty, dojde k vycerpani Cinidel a soucasné lze provadét mikroextrakci kapalina-
kapalina pridavkem nemisitelného organického rozpoustédla. Organickou fazi Ize pak pfimo davkovat
do injektoru plynového chromatografu (GC). Reakce probiha do 5 sekund s vysokym vytézkem. Urcité
omezeni lze pozorovat pouze u méné reaktivnich alifatickych a alicyklickych hydroxylovych skupin,
které z(stavaji nezreagované, napriklad v serinu a threoninu [20], nebo ve 3- a 4-hydroxykarboxylovych
kyselinach [21].

Derivatizace s RCF byla poprvé pouZita pro GC analyzu 44 organickych kyselin [22] nebo pro
stanoveni karboxylovych, keto, hydroxy a amino kyselin, které jsou uZitecné pro diagnézu nemoci
javorového sirupu (leucinézy) [23]. V téchto prvnich studiich se ukdzalo, Ze u kyselin jantarové a
glutarové dochazi k vnitini cyklizaci a ke vzniku nestabilnich anhydrid{. Esterifikace Sirokého spektra
di- a trikarboxylovych kyselin s methylchlormravenc¢anem (MCF) a ethylchlormraven¢anem (ECF) byla
vyfeSena opakovanym pridanim reakcniho inidla v pfitomnosti hydroxidu sodného [24]. Tento postup
umoznil stanoveni Sirokého spektra amino a karboxylovych kyselin v riznych biologickych matricich
[25 — 34].

Vyhodné analytické vlastnosti RCF vedly k pfipravé chlormravencan( s fluorovanymi alkyly o
rizné délce retézcll. Vincenti a kol. [35 — 38] syntetizovali fluoralkylchlormravencany s dlouhym
fetézcem a vyuzily je pro GC-MS analyzu malych, velmi polarnich vedlejsich produktd pouzivanych pfi
dezinfekci vody. Skupina Abeho a kol. [39, 40] zkousela trifluorethylchlormravencan (TFECF) pro

chiraini separaci sady aminokyselin. Analytické vlastnosti chlormravencant s pentafluorpropylovou
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(PFPCF) nebo heptafluorobutylovou (HFBCF) skupinou byly rozsahle studovany Hucem a
spolupracovniky [41 —43].

Na rozdil od béinych RCF jsou tyto fluorované analogy reaktivnéjsi a jsou schopny
transformovat cilové protické funkcni skupiny za katalyzy pyridinem bez pfitomnosti alkoholu.
Fluorované chlormravencany s péti (PFPCF) nebo sedmi atomy fluoru (HFBCF) predstavuji nova,
efektivni ¢inidla v GC-MS analyze, zejména organickych kyselin a aminokyselin, véetné jejich chiraini
separace [42 — 44]. Napt. HFBCF cinidlo se osvédcilo pro chiralni separaci aminokyselin v lidském séru
[45, 46]. Pripravu vzorku lze provést ve tfech jednoduchych krocich: (a) uvolnéni vazanych thiold
redukénim cCinidlem 2,3-dimerkapropanolsulfondtem, (b) ndsledované srazenim bilkovin kyselinou
chloristou a (c) pfimou derivatizaci supernatantu HFBCF za katalyzy pyridinem. Timto zplsobem byly
ziskdny mimoradné Cisté extrakty, které umoznily GC-MS analyzu metabolitl v plazmé &i séru [45].
Pfipravené derivaty aminokyselin vykazovaly vyborné separacni vlastnosti na chirdlni stacionarni fazi
Chirasil-Val, kde bylo rozdéleno vice nez 35 aminokyselinovych enantiomerd, s vyjimkou D a L
enantiomer( argininu, cystinu a prolinu [46].

| pfes rostouci poznatky ve vice jak dvacetiletém vyzkumu analytickych vlastnosti
chlormravencand ve vodném prostiedi je stale velmi malo zndmo o reaktivité protickych funkénich
skupin a vznikajicich produktech u dilezitych skupin metabolitli, jaké predstavuji steroly, steroidy,

tokoferoly nebo organické kyseliny [22, 47].
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2 Cile prace

1.

2.

3.

Studium reaktivity protickych funkcnich skupin salkylchlorformiaty ve wvybranych
skupinach metabolit(, v prvni fadé alicyklické hydroxylové skupiny steroid( a tokoferolll a

uplatnéni novych poznatk( v metabolomické GC-MS analyze.

Vyzkum vznikajicich reakénich produktl heptafluorbutylchlormravenéanu se 153
protickymi mocovymi metabolity pro optimalizaci podminek ptripravy vzork( moci a jejich

GC-MS metabolomickou analyzu.

Studium xenobiotik v lidské moci po expozici organismu organickym rozpoustédlim
benzenu, toluenu, styrenu, xylenl, alkoxyethanoll, sirouhliku, furalu a N,N-

dimethylformamidu a jejich derivatizace alkylchlorformiaty a GC-MS stanoveni.

Vyzkum byl realizovan ve tfech samostatnych studiich a na zakladé novych poznatkd byly

vypracovany tfi nové originalni postupy analyzy protickych metabolit( v biotekutinach technikou GC-

MS.
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3 Vysledky jednotlivych studii

3.1 Nova metoda derivatizace hydroxylovych skupin pomoci
fluoralkylchlormravencani a jeji realné vyuziti pro stanoveni sterolli a
tokoferold technikou GC-MS.

3.1.1 Uvod

Organické slouceniny steroidni povahy obsahujici hydroxylovou skupinu je ¢asto vyhodné
analyzovat pomoci GC. Problémem je, Ze aktivni vodik v hydroxylové skupiné interaguje s jinymi
protickymi funkcénimi skupinami (Ucinkem intermolekuldrnich sil) nejéastéji v kontaminovaném
injektoru nebo na velkém mérném povrchu stacionarni faze v kapildrni koloné. Pfevedeni steroidu do
plynné faze plsobenim vysoké teploty muize vyvolat dehydrataci labilni alifatické nebo alicyklické
hydroxylové skupiny. Proto je pro toto stanoveni Zadouci derivatizace, diky nizZ Ize dosahnout zlepseni
analytickych, separacnich a detekénich vlastnosti steroid(l pfi GC-MS analyze [8].

Vhodnym modelem pro studium reakce RCF se steroly predstavuje cholesterol (Chol). Jde o
vyznamny metabolit, ktery se v hojném mnozstvi vyskytuje v membrdanach eukaryotickych bunék [48].
Chol Ize relativné jednoduse méfit technikou GC-MS v derivatizované formé. Na kvalitni, deaktivované
kapilarni GC koloné Ize soucasné sledovat nativni analyt s volnou hydroxylovou skupinou, a tak napft.
sledovat vytézek reakce.

Pfedmétem prvni prace bylo studium reakce hydroxylové skupiny cholesterolu s rlznymi
chlormravencany. Nejprve byla tato reakce studovdna ve vodném prostiedi za podminek
optimalizovanych pro stanoveni amino- a karboxylovych kyselin v lidskych biotekutinach [41, 45, 46] a
v primyslovych vodach [36, 37, 49]. V dalSim kroku byly testovany alkylované a fluorované
chlormravencany a jejich reaktivita s hydroxylovou skupinou Chol v bezvodém prosttedi. Po nalezeni
optimalnich podminek reakce byl soubor stanovovanych analytl rozsiten o zastupce dalSich sterold,
dale vybranych steroidl a tokoferoll. Novd metoda byla porovnana se silylacni metodou a byly
porovndany a vyhodnoceny vyhody a omezeni obou GC-MS metod.

Tento novy postup byl nakonec validovan pro stanoveni Sesti diagnostickych sterol
(desmosterol, lathosterol a dihydrocholesterol — ukazatelé biosyntézy cholesterolu, kampesterol, B-
sitosterol a stigmasterol — ukazatelé absorpce cholesterolu) a ¢tyr tokoferoll (a-, B-, y- a 6-tokoferol —
v tucich rozpustné antioxidanty ze skupiny E vitamin() v lidském séru a plodové vodé. Prvnim krokem
ke stanoveni byla saponifikace vzorku, aby doslo k uvolnéni vazanych sterol( a tak k analyze obou jejich
forem tzv. celkovych sterol(l. Krevni séra byla ziskana od Zen pred a po porodu. Ziskané vysledky byly

porovnany s publikovanymi vysledky z drivéjsich studii [1].
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Metoda byla také vyuZita pro sledovani sezonnich zmén koncentraci 3 sterol(l (B-sitosterol,
kampesterol a cholesterol) a 2 tokoferoll (y- a 6-) v membranach hmyzu — ruménice pospolné

(Pyrrhocoris apterus) [2].

3.1.2 Testovani reaktivity hydroxylové skupiny s chlormravencany

7 v

3.1.2.1 Experimentalni ¢ast

3.1.2.1.1 Pouzité chemikalie a ¢inidla

Cholesterol, dihydrocholesterol, a-tokoferol, B-tokoferol, y-tokoferol, &6-tokoferol, ethanol,
isooktan, pyridin, kyselina chlorovodikovd, uhli¢itan sodny, dimethylformamid, MCF, ECF,
isobutylchlormravencan (iBCF), hexylchlormravencan (HCF), 1-(trimethylsilyl) imidazol (TMSI) a N,N’-
dicyklohexylkarobodiimid (DCC) byly potizeny u Sigma-Aldrich (Praha, Ceska Republika). Lathosterol,
kampesterol, stigmasterol, pB-sitosterol, desmosterol, testosteron, estradiol, estron, 24S5-
hydroxycholesterol a 225-hydroxycholesterol byly od firmy Steraloids (Newport, RI, USA). n-Hexan byl
koupen u firmy Merck (Praha, Ceska Republika), acetonitril a methanol byly potizeny u Fisher Scientific
(Pardubice, Ceskd Republika) a TFECF a HFBCF byly pfipraveny v Laboratofi analytické biochemie a
metabolomiky (Ceské Budéjovice, Ceskd Republika) ve spolupraci s Dr. V. Pejchalem (Univerzita
Pardubice, Ceska Republika), které dodava firma Pragolab, s.r.o (Praha, Ceska republika). Zasobni
roztoky vsech pouzitych standard( byly pfipraveny v ethanolu o koncentraci 1 mg/ml. Pfi manipulaci
s chlormravencany je duleZité pouzivat ochranné pomdacky (bryle, gumové rukavice) a viechny reakce

provadét v dobie odvétravané digestofi.

3.1.2.1.2 Vybaveni laboratoie a GC-MS analyza

Derivatizace byly provadény v mikro reakénich nadobkdach svickem a teflonovym septem
(Supelco, PA, USA). Pokud se derivatizace délala v bezvodém prostiedi, byl pouZit specidlni uzavér
vybaveny Restec miniert® ventilem (Chromservis, Praha, Ceska Republika), ktery umoZfoval pfidavek
¢inidel stfikackou bez otevreni lahvicky, a tim bylo zajisténo, Ze vzorek pfiSel do minimalniho styku se
vzdusnou vlhkosti. Na davkovani vzorkd a reakénich cinidel byly pouzity stfikacky Hamilton (Hamilton,
Bonaduz, Svycarsko). Micha¢ka (50-2400 rpm) byla od firmy P-Lab (Praha, Ceska Republika), vialky a
10 pl stiikacky do automatického injektoru byly od Thermo Fisher Scientific (Praha, Ceska Republika).
Pro su$eni reakénich rozpoustédel byla pouzita molekulova sita (10-20) od Sigma-Aldrich (Praha, Ceska
Republika).

Pro analyzu vsech studovanych reakénich produktl byl pouZit GC vybaveny teplotné
programovatelnym nastrikem (PTV) spojeny s MS Trace DSQ vybavenym kvadrupdlovym
analyzatorem a elektronovou ionizaci (El) (Thermo Fisher Scientific, San Jose, USA). Pro zpracovani dat
byl pouZit software Xcalibur (verze 2.1, Thermo Fisher Scientific). Na kolonu byl ddvkovan 1 pl vzorku

ve splitless médu, pouzity sklenény Siltec deaktivovany baffle liner byl pofizen u firmy Restek (PA, USA).
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Teplota nastriku byla drZzena na 280°C, byla pouZita kapilarni chromatograficka kolona DB-1HT, 15m x
0,25 mm i. d., s tloustkou filmu stacionarni faze 0,1 um (Agilent Technologies, CA, USA). Teplotni
program byl nasledujici: 180°C po 1 min, pak zvyseni po 30°C/min na 330°C (drzeno 2 min). Jako nosny
plyn se pouzivalo He a jeho pritok byl 1,1 ml/min. Teplota iontového zdroje — 250°C, teplota GC-MS
rozhrani — 300°C, El mdd (70 eV) ve skenovacim rozsahu 100 — 700 Da. Hmotnostni spektra derivatud
byla mérena také pomoci chemické ionizace (Cl), kde byl jako ionizacni plyn vyzkousen isobutan a
amoniak jak v pozitivnim, tak v negativnim modu. Nastaveni GC bylo stejné, jako pti pouziti El. Teploty
u MS byly nasledujici: iontovy zdroj—200°C a GC-MS rozhrani — 250°C. Pritok ionizac¢niho plynu byl 1,2
ml/min. Skenovaci rozsah 100 — 700 Da.

3.1.2.1.3 Vyvoj metody

Reaktivita alicyklické OH skupiny Chol s chlormravencany v analytickém méritku byla nejprve
zkoumdna ve vodném a bezvodém prostiedi. Zadsobni roztok Chol o objemu 3 pl byl nadavkovan do
reakéni nadobky a rozpoustédlo bylo odpafeno do sucha proudem dusiku. Byly postupné otestovany
rGzné chlormravencany (MCF, ECF, iBCF, HCF, TFECF a HFBCF).

V prvni fazi byla zkouSena derivatizace s RCF ve vodném prostfedi. K odpafenému Chol bylo
pfidano 100 ul destilované vody a 10 pl pyridinu a smés byla kratce zamichana. Poté bylo pfidano 30 pl
pfislusného alkoholu (methanol, ethanol, hexanol nebo isobutyl alkohol, v analogii dle pouzitého
chlormravencanu) a 12 pl chlormravencanu (MCF, ECF, HCF nebo iBCF) ve100 pl isooktanu, smés byla
opét kratce zamichana a nakonec bylo ptidano 50 pul kyseliny chlorovodikové o koncentraci 1 mol/l a
smési bylo michano asi 20 s. Cast horni organické faze byla odebrana do vialky a 1 pl vzorku byl
davkovan do GC-MS. Pro HCF byla vyzkousena modifikace reakce dle metody Vincentiho [36, 37, 49] a
do reakce byl pridan DCC rozpustény v pyridinu. V tomto pfipadé se postup derivatizace lisil pouze
v bodé pridani pyridinu, misto 10 pl pyridinu se pfidalo 10 pl roztoku pyridinu s DCC o koncentraci
400 mg/ml.

V dalsim kroku byly zkousSeny fluorované chlormravencany. Odparek Chol byl smichan se
150 pl vodného roztoku uhli¢itanu sodného o koncentraci 0,05 mol/l a s 50 pl smési obsahujici isooktan
— TFECF (resp. HFBCF) o poméru 5:3 (v/v). Reakéni smés byla michana asi 10 s a poté bylo pfidano 50 pl
uhli¢itanu sodného o koncentraci 0,1 mol/I s pfidanym pyridinem (5:1, v/v) a opét bylo michano asi
10 s. Nakonec bylo ptidano 50 ul isooktanu a po zamichdani byla odebrana ¢ast horni organické vrstvy
do vialky a 1 pl vzorku byl davkovan do GC-MS. Pro pfipad derivatizace s TFECF byl také otestovdn
pridavek DCC v pyridinu (koncentrace 400 mg/ml), podobné jako v pfipadé s RCF.

Vdruhé fazi byla testovdna derivatizace hydroxylové skupiny Chol pomoci rlznych
chlormravencanid v bezvodém prostredi. Pro tyto reakce byla pouZita organicka rozpoustédla, kterd

byla vysusena molekulovymi sity. K vysusenému vzorku Chol v reakéni nadobce se specialnim vickem
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(viz. kapitola 3.1.2.1.2) bylo pfidano 50 pl smési isooktan — pyridin (9:1, v/v) a po kratkém michani bylo
pfidano 100 pl acetonitrilu. Poté bylo pridano 100 pl smési obsahujici opét isooktan a pfislusny
chlormravencan (byl testovan MCF, ECF, iBCF, HCF, TFECF a HFBCF) v poméru 95:5 (v/v) a obsah byl
michan po dobu asi 20 s. Po vyCefeni na dvé nemisitelné faze byla do vialky odebrana cast horni
isooktanové vrstvy a 1 pl byl davkovan na kolonu do systému GC-MS. Postup s TFECF byl pak aplikovan
na nékolik dalsich sterol(i, dva hydroxysteroly, na hlavni androgenni steroidni hormon — testosteron,
na dva stéZejni hormony ze skupiny estrogeni — estron a estradiol a Ctyri tokoferoly, daleZité v tucich
rozpustné vitaminy, které patfi mezi antioxidanty a jsou uzitecné pfi prevenci vzniku
kardiovaskularnich onemocnéni a nékterych tipl rakovin [50, 51], jmenovité — steroly: desmosterol,
dihydrocholesterol, lathosterol, kampesterol, B-sitosterol a stigmasterol, hydroxy steroly: 22S-
hydroxycholesterol a 24S-hydroxycholesterol, steroidy: estron, estradiol a testosteron a tokoferoly: a-
tokoferol, B-tokoferol, y-tokoferol a 6-tokoferol.

Pro porovnani analytickych vlastnosti derivatiza¢ni produktl byl standard Chol podroben
silylaci s TMSI cinidlem, aby se dala porovnat reaktivita a retencni chovani bézného trimethylsilyl
derivatu s novym typem karbonatu vzniklého po reakci s hydroxylovou skupinou Chol a pfislusného
chlormravencanu. Postup derivatizace s TMSI, ktery je nasi skupinou bézné pouzivan k derivatizaci
sacharidli [52, 53], byl nasledujici: vysuseny vzorek Chol byl znovu rozpustén ve 100 ul
dimethylformamidu a poté bylo pfidano 30 ul TMSI. Vzorek byl uzavien vickem s teflonovym septem
a zahfivan na 80°C po dobu 30 minut. Po ochlazeni na laboratorni teplotu bylo ke vzorku pridano 100 pl
isooktanu a po zamichani a opétném vycereni byla odebrana c¢ast horni vrstvy, jejiz 1 ul byl davkovan
do GC-MS. Tento postup byl pak aplikovan na stejny set latek, jako v ptipadé TFECF.
3.1.2.2 Vysledky a diskuse

Pro studium reaktivity alicyklické hydroxylové skupiny s rdznymi chlormravencany byl vybran

jako modelova sloucenina Chol. Reakéni schéma acylace Chol s TFECF je uvedeno na Obr. 2.

(@]
F . g
b e pnan i
HO F o
F o)
Cholesterol TFECF ><\ TFEOC cholesterolu
MM = 386.4 MM = 161.9 FoF MM =512.4

Obr. 2: Reakéni schéma cholesterolu s trifluorethylchlormravenéanem (TFECF) a vysledny produkt —

trifluorethoxy karbonat (TFEOC) cholesterolu.
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Reaktivita hydroxy skupiny byla v prvni fazi zkousena ve vodném prostredi, byly testovany jiz
zabéhlé metodiky, které byly pouzity jiz dfive, napriklad pro stanoveni polarnich metabolitd v lidskych
biotekutinach [41, 43, 45, 46, 54] nebo v pridmyslovych vodach [37, 49]. Chol byl podroben derivatizaci
s rlznymi chlormravencany (MCF, ECF, iBCF, HCF, TFECF a HFBCF) a vysledné karbonaty byly méreny
na GC-MS. Pro vyhodnoceni derivatiza¢ni ucinnosti byl na GC-MS také méren nezreagovany Chol.
Porovnani derivatizacni u¢innosti vSech zkousenych chlormravencéan( ve vodném prostredi je uvedeno
v Tab. 2 A. Z vysledkl je patrné, Ze reaktivita hydroxylové skupiny Chol s RCF ve vodném prostredi je
nizka, vytézky reakce mezi 4 — 10 %, a Ze stoupa se zavedenim fluorovanych chlormravencan( (vytézek
41 % a 48 %). Dale se ukazalo, Ze vliv na reaktivitu ma nahrazeni samotného pyridinu za roztok pyridinu
s DCC. Zde se vytéZek reakce zvedl z5 % na 53 % u pouziti HCF a ze 41 % na 93 % pfi pouziti TFECF.
Avsak ani u jednoho z pouZitych postupll se pfislusny karbonat Chol nepfiblizil 100% vytézku. Tudiz
byla do studie zafazena dalsi série pokusU, kde se testované reakce prevedly do bezvodého prostredi.

V bezvodém prosttedi byla pouZita suSena rozpoustédla a specialni uzavér na reakéni nadobky,
ktery umoznoval pfidavani reakcnich Cinidel strikackou skrz septum a tudiz bylo zamezeno zbytecnému
styku reakénich smési se vzdusnou vlhkosti. Ukazalo se, Ze reakéni vytézky jsou vyssi v bezvodém
prostiedi, ale ke kompletnimu vzniku poZadovaného derivatu vedla pouze cesta pfi pouziti
fluorovanych chlormravencan(i (TFECF a HFBCF). Vtéto fazi byl pro porovnani také pfipraven
trimethylsilyl ether Chol, kde doslo k 100% konverzi Chol na derivat. Kompletni vysledky jsou uvedeny
vTab. 2 B. TIC GC-MS chromatogram Chol a jeho derivatl vzniklych po reakci s rdznymi

chlormravencany a TMSI v bezvodém prostredi je uveden na Obr. 3.
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Tabulka 2: El odezvy nederivatizovaného Chol a jeho alkyloxykarbonaty (ROC) méreny jednotnymi

podminkami na GC-MS. A: Priprava vzorku ve vodném prostiedi. B: Pfiprava vzorku v bezvodém

prostredi.

2A: Vodné prostiedi

Derivatiza¢ni RT Chol Chol-ROC  Relativni El odezva
Analyt MMmE
¢inidlo (min) PAR PA Chol-ROC (%)

Chol Zadné 386,4 4,23 16212150 0 0

Chol - MOC? MCF 4444 4,78 15746879 1185249 7
Chol - EOCP ECF 458,4 4,93 17052785 1894754 10

Chol - iBOC® iBCF 486,4 5,28 19333588 805566 4

Chol - HOC® HCF 514,4 5,81 20074728 1056565 5
Chol - HOC HCF + DCC 514,4 5,81 9842676 11099187 53
Chol - TFEOC® TFECF 512,4 4,52 13746024 9552321 41
Chol - TFEOC TFECF + DCC 512,4 4,52 1758047 23356924 93
Chol - HFBOC' HFBCF 612,3 4,61 11416233 10538060 48

2B: Bezvodé prostiedi
Derivatizacni RT Chol Chol-ROC  Relativni El odezva
Analyt MM
¢inidlo (min) PA PA Chol-ROC (%)

Chol zadné 386,4 4,23 18762260 0 0
Chol - TMS TMSI 458,4 4,45 0 21106631 100
Chol - MOC MCF 444,4 4,78 14838147 6359205 30
Chol - EOC ECF 458,4 4,93 14427267 4809089 25
Chol - iBOC iBCF 486,4 528 12896723 6944388 35
Chol - HOC HCF 5144 581 11656353 10345633 47
Chol - HOC HCF + DCC 514,4 5,81 3602825 17590266 83
Chol - TFEOC TFECF 512,4 4,52 0 21477150 100
Chol - HFBOC HFBCF 612,3 4,61 0 20847372 100

El MS odezva byla spocitana z TIC plochy piku (hmotovy rozsah = m/z 100-700 Da)

*methoxykarbonat,’ethoxykarbonat,‘isobutoxykarbonat, “hexyloxykarbonat,

°trifluoroethoxykarbonat, fheptafluorobutoxykarbondt, émonoisotopicka hmotnost,"plocha piku,

'N,N’-dicyklohexylkarbodiimid
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Obr. 3: TIC GC-MS chromatogram cholesterolu (Chol) a jeho derivatl; nederivatizovany Chol, jeho
trimethylsilyl-ether (TMS_Chol) a karbonaty vzniklé po reakci Chol s rliznymi chlormravencany za
bezvodych podminek. Trifluoroethoxy karbonat — TFEOC_Chol, heptafluorobutoxy karbonat —
HFBOC_Chol, methoxy karbonat — MOC_Chol, ethoxy karbonat — EOC_Chol, isobutoxy karbonat —
iBOC_Chol, hexyloxy karbonat — HOC_Chol.

Ukdzalo se, Ze pro derivatizaci hydroxylové skupiny Chol je vhodna reakce s fluorovanymi
chlormravencany v bezvodém prostiedi. Tato nova metoda je velmi jednoducha a zahrnuje pouze
pridani smési isooktanu s fluorovanym chlormravencanem do vysuseného vzorku. Pfi vyvoji optimalni
metodiky pro tuto reakci byly zkouseny rtizné poméry chlormravencanu a organického rozpoustédia.
Zkousené poméry byly v rozmezi 2 — 10 % (v/v) chlormravencanu a jako optimalni byl vybran 5% obsah

chlormravencanu v isooktanu. V prvni fazi vyvoje metody se po pfidani pyridinu a pfislusného
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chlormravencanu tvofila bila srazenina pyridin hydrochloridu, ktera se nasledné rozpoustéla pridanim
100 pl kyseliny chlorovodikové o koncentraci 250 mmol/l v poslednim kroku. Dalsi vyvoj metody ved|
k tomu, Ze byl krok s pfidanim kyseliny chlorovodikové vynechan a nahrazen pridavkem acetonitrilu jiz
ve druhém kroku, ktery vznikajici srazeninu ihned rozpousti a navic stejné jako vodna faze odstrani
polarnéjsi necistoty, tudiz dochazi v jednom kroku k derivatizaci a k mikroextrakci na bazi kapalina —
kapalina.

Jak jiz bylo uvedeno vyse, pro aplikaci metody na dalsi slouceniny byla vybrana ndakladové
nejpriznivéjsi reakce s TFECF. Aby bylo dokazano, ze derivatizace je Uucinnd i pro dalsi skupiny latek, byl
soubor analytl rozsifen o dalsi ZivociSné a rostlinné steroly, o zastupce hydroxycholesteroll a
steroidnich hormonu a tokoferol(. Struktura vsech zkoumanych standard( je uvedena na Obr.S.1.

Ukazalo se, Ze vybrané modelové latky reaguji obdobné za vzniku prislusnych karbonatd, které
v systému GC-MS poskytuji jeden pik a dobfe definovana EI MS spektra. Druha hydroxylova skupina,
obsaZena ve struktufe hydroxycholesteroll a nékterych steroidl také podléha derivatizaci, stejné jako
fenolicky hydroxyl u tokoferol(l. Velka prednost nové metody oproti derivatizacim se silylacnimi ¢inidly
spociva ve skutecnosti, Ze keto skupina, je-li ve strukture latky pfitomna, zlstava po reakci nedotcena.
U silylaci je pro chranéni keto skupiny potfebna jeji oximace.

Pro separaci téchto analytll se ukazala jako nejvhodnéjsi nepolarni kapilarni kolona a 16
karbonat(i bylo separovano béhem péti minut v rozmezi teplot 240 — 300°C. TIC GC-MS chromatogram
je uveden na Obr. 4, a vSechny retencni charakteristiky, zahrnujici monoisotopickou hmotnost,

retencni ¢as a diagnostické El fragmenty jsou v shrnuty Tabulce 3.

21



Tabulka 3: Analytické charakteristiky vySetfovanych TFEOC derivatt

RT MM Kvantifika éni Konfirma é&ni
Analyt ] . .

(min)  TFEOC der. ion ion
Estron 3,22 396,1 396 352
Testosteron 3,42 414,2 372 124
Estradiol 3,57 524,1 524 236
o-Tokoferol 4,01 528,3 263 528
B-Tokoferol 4,15 542,4 277 542
y-Tokoferol 4,20 542,4 277 542
a-Tokoferol 4,32 556,4 165 556
Cholesterol 4,58 512,3 368 353
Dihydrocholesterol 4,66 514,4 499 514
Desmosterol 4,64 510,3 366 253
Lathosterol 4,70 512,4 399 512
Kampesterol 4,78 526,4 382 213
Stigmasterol 4,83 538,4 394 255
22S-Hydroxychoelsterol 4,83 654,3 510 366
B-Sitosterol 4,96 540,4 396 381
24S-Hydroxychoelsterol 5,03 654,3 510 366

aMM = monoisotopicka hmotnost
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Obr. 4: TIC GC-MS separace 16 vysetfovanych analytd na 15 m x 0.25 mm i.d. DB-1HT kapilarni

chromatografické koloné.

El hmotnostni spektra vSech vySetfovanych latek jsou shrnuta na Obr. S.2. Nahrazenim vodiku
v hydroxylové skupiné za TFEOC skupinu je molekulova hmotnost zvySena o 126 Da. Pro derivat Chol
je charakteristicka neutrdlni ztrata trifluoroethyl hydrogenkarbonatové ¢asti [TFEOCOOH, M** - 144]
pfi ¢emz dojde ke stabilizaci ndboje a ke vzniku kation-radikalu na Chol skeletu (M**= 368,2). Jak je
patrné z hmotnostniho spektra, molekularniion je u steroll velmi slaby, intenzita se zvySuje u derivat(
lathosterolu a dihydrocholesterolu. Je to patrné zplisobeno rozdilnou stabilitou sterolového skeletu
diky nepfitomnosti dvojné vazby na druhém jadre ve sterolovém skeletu mezi uhliky na pozici 5 a 6.
Pokud je pfitomna druha hydroxylova skupina ve sterolovém skeletu (v pfipadé hydroxycholesterol( a
estradiolu), dochazi opét k charakteristické ztraté TFEOCOOH [M** - 144] za vzniku fragmentu m/z 510
doprovazeného naslednou ztratou druhé TFEOCOOH skupiny (fragment m/z 366).

U tokoferoll je fragmentace v El spektru rozdilna diky pfitomnosti aromatického jadra, které
stabilizuje vyskyt zfetelného M** iontu. Charakteristické hlavni fragmentové ionty jsou M** - 225 a M**
- 224, které reprezentuji postupné Stépeni alkylového retézce s prenosy vodiku, doprovazené dale

ztratou isoprenoidové skupiny (ion M** - 265) [55]. V souhrnu vSechny zkoumané derivaty steroid
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s TFECF poskytuji El spektra s vysoce charakteristickymi fragmentovymi ionty vhodnymi pro jejich
identifikace a citlivé stanoveni na GC-MS.

U zkoumanych derivatQ byla dale promérena spektra pozitivni (PICI) a negativnim (NICI)
chemické ionizace. Jako ionizacni plyn byl testovan isobutan a amoniak. Visobutanovych PICI
spektrech sterold byl pozorovdan jako nejintenzivnéjsi ion po ztraté trifluoroethyl
hydrogenkarbonatové skupiny. Experimenty ukazaly, Ze karbonatova skupina je velmi labilni a dochazi
k jejimu odstépeni i za nizsich ionizacnich podminek. V PICI spektrech pti pouZiti amoniaku byl
pozorovan pouze malo intenzivni ion [M+NH,"].

PICI spektra cholesterolu jsou uvedena na Obr. S.3.

NICI spektra testovanych latek obsahovala vesmés malo pouzitelné fragmenty u nizSich m/z,

proto bylo od jejich dalSiho studia upusténo.

3.1.3 Aplikace metody pro stanoveni sterolti a tokoferoli v lidském séru a plodové vodé
a jeji validace.

3.1.3.1 Experimentalni ¢ast

3.1.3.1.1 Chemikalie

5-a-Cholestan a cholesteryl palmitat byly pofizeny u Sigma-Aldrich (Praha, Ceska Republika),
hydroxid draselny byl koupen u firmy Merck (Praha, Ceskd Republika). Dihydrocholesterol, a-tokoferol,
B-tokoferol, y-tokoferol, &-tokoferol, ethanol, isooktan, pyridin, TFECF, lathosterol, kampesterol,

stigmasterol, B-sitosterol, desmosterol, n-hexan, acetonitril, methanol —viz. sekce 3.1.2.1.1.

3.1.3.1.2 Biologicky material

Soubor dvaceti readlnych vzork( lidského séra matek pred a po porodu (deset matek, kazda 10
vzorkU pred porodem a 10 vzorkt po porodu) a pét vzork( plodové vody byly poskytnuty Dr. Martinem
Hillem (Endokrinologicky ustav, Praha, Ceskd Republika) a uchovany pfi teploté -80°C. Pro vyvoj
metody bylo pouZito sérum, které bylo ziskano od péti zdravych dobrovolnik(i a smésna plodova voda,

ktera byla pfipravena smichanim z obdrZenych vzork.

3.1.3.1.3 Vybaveni laboratore
Pro odparovani vzorkd do sucha po saponifikaci byla pouzita vakuova odparka Thermo Fisher
Scientific Jouan RC 10.10 (Trigon Plus, Praha, Ceska Republika).

Zbylé vybaveni viz. sekce 3.1.2.1.2.

3.1.3.1.4 Ptiprava zasobnich a kalibracnich roztoka

Zasobni roztoky sterolovych a tokoferolovych standardd, cholesteryl palmitatu a 5-a-
cholestanu, ktery byl pouZit jako interni standard (I.S.) byly ptipraveny v ethanolu o koncentraci
1 mg/ml. Kalibraéni roztoky standardu sterol(l (6 koncentracnich hladin) byly pfipraveny postupnym

fedénim zasobniho roztoku ethanolem na koncentrace v rozmezi 0,25 - 50 pg/ml (0,25, 0,5, 2,5, 5, 25a
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50 pg/ml). Tokoferolové kalibraéni roztoky byly nafedény stejnym zplsobem, ale na koncentrace
v rozmezi 0,75 — 150 pg/ml (0,75, 1,5, 7,5, 15, 75 a 150 pg/ml). Roztok I.S. byl nafedén ethanolem na

koncentraci 50 pg/ml.

3.1.3.1.5 Kvantifikace a validace metody, pfiprava realnych vzorkui

Pro kvantitativni stanoveni vybranych analytl v biotekutindch byla vybrana derivatizacni
metoda s TFECF (viz. sekce 3.1.2.1.3) a derivaty byly méreny na GC-MS za stejnych podminek jak jiz
bylo popsano vySe (viz. sekce 3.1.2.1.2). Analyty byly ale méreny vreZzimu SIM (selected ion
monitoring) skenovacim maédu. Pro kazdy analyt byl vybran kvantifikacni a konfirmacniion (viz. Tabulka
3) a detekovan v hmotovém okné 1,2 Da v case 25 ms.

Obsah vsech steroll (volnych i vazanych) a tokoferoll byl stanoven po saponifikaci kazdého
vzorku pomoci hydroxidu draselného o koncentraci 2 mol/l v 90% ethanolu. Obsah byl zahfivan na
teplotu 60°C po dobu 120 min [56]. U&innost saponifikace byla ovéfena dvéma metodami:

1) Prvni ovéreni bylo provedeno pomoci cholesteryl palmitdtu. 1 pl standardniho roztoku cholesteryl
palmitatu byl smichan s 250 pl hydroxidu sodného o koncentraci 2 mol/l v 90% etanolu a hydrolyzovan
pfi 60°C po 120 minut. Smés byla po vychladnuti extrahovana 500 pl n-hexanu a 300 ul hexanové ¢asti
bylo odebrano do derivatizacni nadobky. Po odpareni do sucha byl obsah derivatizovan metodou
s TFECF. Pokus byl opakovan trikrat.

2) Vybrané sérum a plodova voda (kazdy 3x) bylo saponifikovano a nepolarni slozky byly extrahovany
do n-hexanu stejnym zplisobem, jako je popsano v bodu 1). Po odpafeni hexanové faze byl vzorek
rozpustén 300 pl methanolu a byla sledovéna pfitomnost triglycerid(i a diglyceridd na HPLC-MS na RP-
koloné, Gemini C18, 110 A, 150 x 2 mm i.d., 3 um (Phenomenex, CA, USA). Tato metoda byla podrobné
popséana v publikaci [57].

Pfiprava vzorku biotekutin byla nasledujici: 100 pl kazdé biotekutiny (sérum ¢i plodova voda)
bylo smichano s 10 ul zasobniho roztoku I.S. v derivatiza¢nich nadobkach a po zamichani bylo pfidano
saponifika¢ni médium (250 pl hydroxidu draselného (c = 2 mol/l) v 90% etanolu) a tato smés byla
zahtivana na 60°C po dobu 120 minut. Po vychladnuti byl obsah extrahovan 500 ul n-hexanu, poté bylo
odebrano 300 pl hexanové vrstvy do nové derivatizacni nddobky a obsah byl odpafen do sucha na
vakuové odparce. K suchému odparku bylo pfidano 50 pl smési isooktan/pyridin (9:1, v/v), michano asi
10 s a po pridani 100 pl acetonitrilu a 100 pl smési isooktanu/TFECF (95:5, v/v) bylo obsahem michano
asi 20 s. Po reakci bylo odebrano 50 pl horni isooktanové vrstvy do vialky a 1 ul vzorku byl davkovan
na kolonu GC-MS. Schematicky postup je znazornén na Obr. 5 a zahrnuje saponifikaci vzorku, extrakci
sterol(l a tokoferoll do hexanu, odpareni rozpoustédla, derivatizaci s TFECF a GC-MS analyzu.

Kalibrace byla provedena metodou standardniho pridavku. Ke kontrolnimu séru a kontrolni

plodové vodeé bylo pridano 10 ul standardniho roztoku I.S. a 20 ul kalibra¢niho roztoku, ktery obsahoval
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stanovované steroly a tokoferoly v Sesti koncentracnich hladinach. Finalni pfidané koncentrace sterol(
a tokoferoll v matrici byly nasledujici: 0,05, 0,1, 0,5, 1, 5 a 10 ug/ml pro steroly a 0,15, 0,3, 1,5, 3, 15 a
30 pg/ml pro tokoferoly. Vzorky byly dale saponifikovany a poté derivatizovany s TFECF a méfeny na
GC-MS, jak je jiz popsano vySe. Kazdy analyt byl posléze vyhodnocen jako pomér ploch analytu a I.S.
(5-a-cholestan, findlni koncentrace v biotekutinach byla 5 pg/ml) a byla vynesena kalibrac¢ni zavislost
poméru ploch na koncentraci. Vzorky séra a plodové vody se standardnimi pfidavky na nejvyssi, stredni
uréeni dalsich validac¢nich parametr( vyvinuté metody.

Mezi validacni parametry patfi vyhotoveni kalibracni zavislosti, urceni limitu detekce (v pfipadé
metody standardniho pfidavku uréeni tzv. nizkého limitu stanoveni = LLOQ - lower limit of
quantification), preciznosti (anglicky ekvivalent = precision), pfesnosti (anglicky ekvivalent = accuracy),

vytéZnosti (anglicky ekvivalent = recovery) a stability. VSechny tyto parametry byly stanoveny v souladu

evvs

vy

shodnosti 20 % a s presnosti v rozmezi 80 — 120 % (n = 5). Preciznost a presnost byla stanovena
analyzou kontrolnich vzork( v jedné sérii (within-run) a ve 14-ti denni periodé (between-run) (n=5).
Navratnost byla také urcena z kontrolnich vzork( a to tak, Ze nejprve byla uréena pfirodni koncentrace
kazdého sterolu a tokoferolu a pak zmérena koncentrace pfidana. Tyto dvé hodnoty byly porovnany
a navratnost byla spoctena podle vzorce: (naméfena koncentrace — pfirodni koncentrace)/pfidana
koncentrace x 100. Stabilita TFEOC derivat( byla vyhodnocena také z kontrolnich vzorkd a to pouze
z téch, kde byla pfiddna stfedni koncentracni hladina. Kazdy pokus byl pfipraven ve tfech provedenich.
V prvnim pfipadé byl vzorek po derivatizaci uchovan pti pokojové teploté a v druhém ptipadé v lednici
o teploté 4°C. Stabilita derivat( byla méfena v pravidelnych intervalech po dobu 72 hodin. Koncentrace
analytl byla navic porovnana se vzorky, které byly vidy pfipraveny kazdy den Cerstvé.
3.1.3.2 Vysledky a diskuse

Nova analytickd metoda popisovana v této studii byla pouZita pro stanoveni 10 sterold a
tokoferoll v lidském séru a v plodové vodé. Vzorovy chromatogram vsech stanovovanych analytd
v lidském séru je vyobrazen na Obr. 6. Pfed aplikaci na redlné vzorky byla tato metoda validovéana.
Steroly se v biotekutinach vyskytuji jak ve volné formé, tak ve formé vazané, tudiz byl kazdy vzorek
pred derivatizaci podroben saponifikaci [56]. Funkénost saponifikaéniho procesu byla ovéfena dvéma
metodami, jejichZ postup je popsan v experimentalni ¢asti. U prvniho ovéreni bylo prokazano, Ze se
vSechen cholesteryl palmitat pfeméni na volny cholesterol (méreno na GC-MS) a tedy, Ze saponifikace
byla Uspésna a u druhého provéreni se zkoumala pfitomnost triglyceridd a diglyceridd ve vzorku

(méreno na HPLC-MS) a jejich nepfitomnosti bylo potvrzeno, Ze saponifikace probéhla upliné.
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100 pl séra/plodoveé vody

¢

SAPONIFIKACE
250 pl 2M KOH v 90% EtOH
60°C, 120 min

¢

EXTRAKCE
500 pl n-hexan

J

Odpareni do sucha
300 pl aliquot

¢

Derivatizace TFECF
50 pl isooctan-pyridin (9 : 1, viv)
100 pl acetonitril
100 pul isooctan-TFECF (95 : 5, viv)

¢

Horni vrstva do vialky

Obr. 5: Postup pripravy vzorku pro kvantitativni stanoveni Sesti sterol(l a ¢tyr tokoferoll v lidském

séru a v plodové vodé.

¢
GC-MS
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Obr. 6: Charakteristické SIM GC-MS chromatogramy steroll a tokoferoll detekovanych v séru

téhotné Zeny (vzorek Whb4).

VsSechna validacni kritéria byla splnéna. Kalibracni data zahrnujici kalibracni rovnice, rozsah
kvantifikace, hodnotu regresniho koeficientu a LLOQ jsou uvedeny v Tabulce 4. Preciznost mérena
v jedné sérii (within-run) byla v rozsahu 0,9 — 19,5 % a ve 14-ti denni periodé (between-run) byla
v rozsahu 0,2 — 19 %. Vysledky pro jedno sériové méreni (within-run) presnosti byly v rozmezi 80 —
115 % a pro méreni ve 14-ti denni periodé (between-run) byly v rozsahu 82 — 122 %. Vytéinost byla
v rozmezi 90 — 110 % v lidském séru a v rozmezi 92 — 110 % v plodové vodé. Pro lidské sérum jsou tyto
vysledky podrobné uvedeny v Tab. S.1. TFEOC derivaty byly shledany stabilni, odchylka jednotlivych

méreni byla £12 % a to je v toleran¢nim limitu.
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Tabulka 4: Kalibra¢ni data pro GC-MS stanoveni kontrolniho séra a plodové vody.

Rozsah Regresni Regresni R2
RT B _ R2 ) LLOQ*
Analyt-TFEOC der. ) kvantifikace rovnice i rovnice (plodova
(min) i (sérum) ) (ng/ml)
(Hg/ml) (sérum) (plodova voda) voda)
5-a-Cholestan 3,69 5 Interni standard (1.S.)
o-Tokoferol 4,01 0,15 - 30 0,0075x-0,0008 0,9907 n.d.2 n.d. 0,15
B-Tokoferol 4,15 0,15 - 30 0,0163x-0,0022 0,9986 n.d. n.d. 0,15
y-Tokoferol 4,20 0,15 - 30 0,0220x+0,0113 0,9531 n.d. n.d. 0,15
a-Tokoferol 4,32 0,15 - 30 0,0141x-0,0030 0,9796 n.d. n.d. 0,15
Dihydrocholesterol 4,64 0,05- 10 0,0216x+0,0011 0,9983 0,0234x-0,0027 0,9995 0,05
Desmosterol 4,66 0,05-10 0,0400x+0,0409 0,9746 0,0364x-0,0081 0,9959 0,05
Lathosterol 4,68 0,05-10 0,0644x+0,0101 0,9992 0,0418x-0,0030 0,9991 0,05
Kampesterol 4,77 0,05-10 0,0932x+0,0123 0,9994 0,1015x-0,0152 0,9994 0,05
Stigmasterol 4,83 0,05- 10 0,0472x-0,0012 0,9998 0,0797x-0,0058 0,9997 0,05
B-Sitosterol 4,93 0,05- 10 0,0352x+0,0095 0,9978 0,1005x-0,0117 0,9997 0,05

s

Po Uspésné validaci byla metoda aplikovdna na redlné vzorky. Jednalo se o soubor dvaceti

vzork(l krevniho séra deseti matek, vidy pred apo porodu a péti vzorkd plodové vody (viz.
experimentalni cast). Nalezené koncentrace stanovovanych celkovych sterolli a tokoferolll se
shodovaly s hodnotami, které byly naméreny v drivéjSich studiich [59, 60, 61 — 72]. Koncentrace
prekursord cholesterolu — dihydrocholesterolu a lathosterolu se pohybovala vrozmezi 0,08 —
32,4 ug/ml, byla vy$si pred porodem. Desmosterol byl nalezen v rozmezi 0,3 — 10,5 pg/ml a mél
podobné koncentracni hladiny v séru pred i po porodu. Také rostlinné steroly nejevily vyznamné rozdily
pfed a po porodu. Kampesterol se vyskytoval v rozmezi 1,4 — 6,9 pug/ml, B-sitosterol mezi 0,7 — 5,7
pg/ml a stigmasterol v rozmezi 0,07 — 1,7 pug/ml. Tento trend je v souladu s dfive publikovanymi
vysledky. Vysledky téchto méreni jsou podrobné uvedeny v Tab. 5.

Hladiny tokoferoll se pohybovaly v rozmezi popsanych v drivéjsich pracech [64 — 72], (Tab. 5).
Koncentrace stanovovanych analytd v plodové vodé byla nizsi, nez u séra, pro dihydrocholesterol
vrozmezi 0,29 — 1,8 ug/ml, pro lathosterol mezi 0,7 — 1,3 pg/ml, desmosterol 0,3 — 0,7 pg/mi,
kampesterol kolem 0,2 pg/ml, pro B-sitosterol okolo 0,5 pg/ml a pro stigmasterol kolem 0,1 pg/ml

(Tab. 6). V plodové vodé nebyly tokoferoly detekovany.
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Tabulka 5: Koncentracni hladiny (ug/ml) mérenych sterol a tokoferold v séru deseti zdravych Zen pfed porodem (Wb) a po porodu (Wa). Vysledky vyjadieny

jako stfedni hodnota (n = 3) + smérodatna odchylka.

Dihydrocholesterol Desmosterol Lathosterol Kampesterol Stigmasterol (-Sitosterol a-Tokoferol p-Tokoferol y-Tokoferol &-Tokoferol
aWb1 32,38 +£1,53 060+0,01 744+021 514+1,09 1,73+0,31 572+0,09 990+0,28 0,91+0,10 0,44 +0,02 n.d.c
"Wal 2,64 +0,22 055+0,01 542+011 251+0,03 0,06+000 153+006 3,19+008 0,80+0,07 0,07+0,00 n.d.
Wb2 1,73+0,41 0,85+0,06 457+0,35 4,85+0,24 0,06+0,01 2,85+0,15 14,10+0,11 0,92+0,09 0,11 +0,01 n.d.
Wa2 0,70 £0,19 0,64+0,06 212+019 3,95+0,14 0,07+0,01 194+005 252+0,05 0,64+0,02 n.d. n.d.
Wb3 12,42 +1,49 0,81+0,10 247+0,20 2,08+042 040+0,10 1,85+0,32 933+0,31 1.18+0.27 0,32+0,02 n.d.
Wa3 0,48 + 0,08 090+0,05 157+0,03 1,35+0,07 0,04+0,00 077+007 7,18+1,05 0.61+0.09 n.d. n.d.
Whb4 5,94 +0,02 0,26+0,02 482+0,01 6,93+0,04 003+0,00 4,85+004 040+002 052+001 1,15+0,21 0,72+0,14
Wa4 0,94 +0,01 0,36+0,01 082+0,01 6,73+0,23 0,24+0,01 387+0,13 024+004 052+001 1,23+0,92 0,74+0,02
Wb5 13,45+£2,71 065+0,01 190+0,45 1,26+0,19 0,29+0,08 0,78+0,16 12,20+1,10 0,66 + 0,04 n.d. n.d.
Wa5 4,33+0,74 0,70£0,03 0,08+0,01 1,55+0,16 0,05+0,00 0,85+0,01 1,22+0,03 0,35+0,03 n.d. n.d.
Whb6 4,32+£0,62 10,50+2,21 357+0,32 3,64+004 145+0,14 3,72+0,08 12,30+0,41 1,50+0,02 1,52+0,61 0,66+0,01
Wab 2,57 0,04 096+0,11 181+0,11 570+021 082+0,09 284+011 6,19+0,16 0,67+001 1,09+0,09 0,74+0,03
Wb7 3,16+0,18 0,46+0,04 261+0,08 359+013 0,61+0,02 2,70+0,05 1,29+050 0,26+0,01 0,70+0,07 0,67 +0,01
Wa7 1,04 £ 0,08 0,30+0,01 084+0,06 381+002 0,68+001 228+025 142+005 0,25+0,03 0,68+0,01 0,66 0,00
Wb8 2,05+0,17 0,71+0,02 313+0,12 466+0,07 061+003 264+019 4,19+008 0,38+0,02 0,79+0,05 0,71+0,01
Was 1,67 £0,04 050+0,01 130+0,04 286+0,12 056+001 1,97+0,03 3,00+001 055+0,06 098+0,11 0,81+0,00
Whb9 2,45+0,03 0,56+0,04 337%+0,31 420+0,03 0,49+005 256+0,02 194+005 0.29+0.01 0,74+0,02 0,67 +0,02
Wa9 1,98 +£0,21 0,48+0,01 216+0,01 266+0,11 0,34+0,01 201+0,09 504+022 035+0.02 0,85+0,05 0,68+0,10
Wb10 5,80+0,18 0,56+0,01 352+0,20 263+0,08 0,49+005 4,12+061 575+0,11 0,80+0,04 1,20+0,18 0,64 +0,05
Wal0 3,91+0,26 047+0,02 132+0,07 525+020 0,62+002 353+0,07 200+005 043+0,01 086+0,01 0,66=0,08

3Wb1 = vzorek Zena 1 pted porodem, °Wal = vzorek Zena 1 po porodu, °n.d.= nedetegovano
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Tabulka 6: Koncentracni hladiny (ug/ml) sterold a tokoferol( v plodové vodé ziskané od péti Zen v poslednim trimestru téhotenstvi. Vysledky vyjadreny jako

stfedni hodnota (n = 3) + smérodatna odchylka.

Dihydrocholesterol Desmosterol Lathosterol Kampesterol Stigmasterol (-Sitosterol a-Tokoferol [(-Tokoferol y-Tokoferol &-Tokoferol
wia 0,32+0,01 0,38+0,03 1,090,217 0,19%x0,01 0,08+0,00 0,15+0,01 n.d.b n.d. n.d. n.d.
w2 0,40 + 0,08 0,36+0,01 1,31+0,15 0,17+0,00 0,08+0,00 0,14+0,01 n.d. n.d. n.d. n.d.
w3 182+0,14 0,67 +0,02 16,49+0,69 0,23+0,00 0,10+x0,01 0,23%0,00 n.d. n.d. n.d. n.d.
W4 0,32 +0,03 0,33+0,01 0,85+0,04 0,17+0,01 0,08+0,00 0,16 +0,02 n.d. n.d. n.d. n.d.
w5 0,29 + 0,03 0,34+0,02 0,70x0,04 0,18+0,01 0,09%0,01 0,15+0,01 n.d. n.d. n.d. n.d.

3W1 = vzorek Zena 1, °n.d. = nedetegovéno.
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3.1.4 Aplikace metody pro stanoveni sterolli v membranach hmyzu Pyrrhocoris apterus.

7 v

3.1.4.1 Experimentalni ¢ast
3.1.4.1.1 Chemikalie

13C, Cholesterol byl od firmy Cambridge Isotopes Laboratories, Inc. (Andover, USA),
dichlormethan a chloroform byl zakoupen od firmy Merck (Praha, Ceska republika) a ethyl-acetét od
Sigma-Aldrich (Praha, Ceska republika). Acetonitril, n-hexan, y-tokoferol, 8-tokoferol, isooktan, pyridin,
kampesterol, B-sitosterol, cholesterol, TFECF a methanol — viz. sekce 3.1.2.1.1.
3.1.4.1.2 Biologicky material

Dospéli jedinci hmyzu ruménice pospolné (Pyrrhocoris apterus) byli ru¢né sbirdni ve volné
prirodé v okoli Ceskych Budé&jovic v pravidelném obdobi v roce 2011. Sledované vzorky zahrnovaly
soubor prezimujici generace a pak 1. a 2. generace rodici se béhem roku. Detailné popsano v tabulce

7.

Tabulka 7: Popis vyvojového/reprodukéniho stavu dospélce P. apterus pouzitého pro analyzy.

Generace hmyzu Datum sbéru® Vyvojovy/reprodukéni stav
18. 1. Konec reprodukéni diapauzy, post-diapauzni klid
Prezimujici 10. 3. Post-diapauzni klid
20.5. Reprodukce (pafici pary)
1 20. 6. Reprodukce (pafici pary, z volné ptirody)
28.7. Reprodukce (pafici pary, venkovni klec)
17.9. UdrZovani reprodukéni diapauzy, tepla aklimatizace
l.a2. 1.11. Udrzovani/ukonceni reprodukéni diapauzy, studend aklimatizace
7.12. Ukoncéeni reprodukéni diapauzy, studena aklimatizace

2 Vsechen hmyz byl sbiran béhem roku 2011.

3.1.4.1.3 Vybaveni laboratore

SPE kolonky aminopropyl silica Bond Elut LRC-NH, od Agilent Technologies (CA, USA). Zbylé
vybaveni viz. sekce 3.1.2.1.2 2 3.1.3.1.3.
3.1.4.1.4 Priprava zasobnich roztokt

13C, Cholesterol, ktery se pouZival jako I.S., byl rozpustén visooktanu na koncentraci
2.5 nmol/ul.
3.1.4.1.5 Priprava realnych vzorka

Hmyzi jedinec byl rozdélen na dvé ¢3sti, na tzv. thorax (obsahujici svalovou tkan) a na tzv. bfisni
tuk. Kazdy vzorek obsahoval tkan ze tfech jedincl a byl pfipraven ve ¢tyfech opakovanich. Vsechny
lipidy byly ze vzorkd extrahovany pouzitim smési chloroform : methanol (2 : 1, v/v) dle zavedené

Folchovy metody [73, 74]. Poté byl obsah odpafen do sucha pod proudem dusiku, bylo pfidano
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2,5 nmol I.S., 2 ml extrakéni smési acetonitril : voda (8 : 2, v/v) a 1 ml n-hexanu. Vzorkem bylo michano
po dobu 30 sekund. Pro analyzu nepolarnich lipidd byla odebrana hexanova faze, ktera byla dale
frakcionovana pomoci SPE. Obdrzené frakce byly nasleduijici: 1. frakce obsahovala steryl estery (eluent
byl n-hexan), 2. frakce obsahovala triglyceridy (eluentem byla smés n-hexan : dichlormethan, 8 : 2, v/v)
a treti frakce obsahovala tokoferoly, steroly a diglyceridy (eluent byla smés n-hexanu a ethyl-acetatu,
7 : 3, v/v). Po rozdéleni byla dale zpravovana 3. frakce, ktera byla odparena na vakuové odparce do
sucha a poté podrobena derivatizaci s TFECF. Postup byl nasledujici: 50 ul reakéniho media
obsahujiciho smés pyridinu a isooktanu v poméru 9 : 1 (v/v) bylo pfidano k vysuSenému vzorku a
vzorkem bylo kratce zamichano, po pfiddni 100 ul acetonitrilu, 100 ul smési TFECF s isooktanem
v poméru (5 : 95, v/v) a promichani byla odebrédna ¢ast horni isooktanové vrstvy do vialky a 1 pl vzorku
byl davkovan na kolonu na GC-MS. Podminky nastaveni GC-MS viz. kapitola 3.1.2.1.2.Semikvantitativni
odhad mnoistvi steroll a tokoferoll byl spocitan jako pomér plochy piku analytu a plochy piku I.S. o
znamé koncentraci dle vzorce: ¢ (analytu) (nmol/vzorek) = (plocha piku analytu / plocha piku I.S. )*2,5.
Konecné vysledky byly vyjadreny v mol% jako pomér poctu mol analytu na pocet mol fosfolipid(i*100.
Stanoveni fosfolipidd nebylo soucasti této prace a presny postup je uveden v publikaci [2].
3.1.4.2 Vysledky a diskuse

Ve vzorcich byly identifikovany tfi rlizné steroly, cholesterol, B-sitosterol a kampesterol.
Sezonni zmény v relativnim zastoupeni jednotlivych steroll jsou ukazany na Obr. 7.

Obsah cholesterolu byl relativné nizky, v rozsahu 0,2 — 0,4 mol% ve svalové tkani a mezi 0,5 —
0,8 mol% v tukové tkani. Rostlinné steroly (B-sitosterol a kampesterol) byly obsazeny ve vy$sim
mnozstvi, kampesterol v rozmezi 1,2 — 2,5 mol% ve svalové tkani a 1,5 — 4,6 mol% v tukové ¢asti, B-
sitosterol mezi 5,1 — 8,0 mol% ve svalové tkani a 6,8 — 15,2 mol% v tukové tkani. Zatimco zastoupeni
cholesterolu byla béhem roku témér stejné u obou tkani, oba rostlinné steroly vykazovaly podobné
sezonni trendy, minimum béhem jara a léta a maximum béhem podzimu a zimy.

Ve vzorcich byly dale nalezeny dva izomery tokoferolu. 6-Tokoferol se vyskytoval v rozmezi 0,1
— 1,2 mol% ve svalech a 0,3 — 5,5 mol% v tukové tkani a y-tokoferol mezi 3,0 — 8,6 mol% ve svalové
¢asti a 9,1 — 31,3 mol% v tukové ¢asti. Pfehled zmén obsahu tokoferol( béhem kalendarniho roku

zachycuje obrazek 8.
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Obrazek 7: Sezonni zmény obsahu sterolll ve svalovych tkanich (A) a v tukové ¢asti (B) dospélct
Pyrrhocoris apterus. Na ose x jsou jednotlivé mésice roku, kazdy bod je primérem ze ¢tyr nezavislych

vzorku (kazdy vzorek obsahuje tkan ze tfech jedinct) [2].
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Obrazek 8: Sezonni zmény obsahu tokoferoll ve svalovych tkanich (A) a v tukové ¢asti (B) dospélcl
Pyrrhocoris apterus. Na ose x jsou jednotlivé mésice roku, kazdy bod je primérem ze ¢tyr nezavislych

vzorku (kazdy vzorek obsahuje tkan ze tfech jedinct) [2].

Hlavni potravou testovaného hmyzu jsou lipova seminka, avsak pfileZitostné se Zivi mrtvymi
bezobratlymi Zivolichy, coZ vysvétluje pfitomnost cholesterolu v jeho tkanich. V tukové tkani bylo
nalezeno vy$si mnoZstvi steroll neZ ve svalové ¢asti, coZ je v souladu s ocekavanymi vysledky, protoze
tukova tkan slouZi jako zasobarna lipidd, véetné steroll [75, 76]. Tokoferoly pfedstavuji minoritni, ale

nezbytnou slozkou bunéénych membran, jejich koncentrace u bezobratlych se pohybuje
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mezi 0,1 - 1,0 mol% [77]. Vtéto studii jsme pomoci nové metody detekovali nezvykle vysoké
zastoupeni y a &6-tokoferolll, a stejné jako v pripadé rostlinnych sterol(, jejich vyssi hladiny byly
nalezeny v tukovych tkanich. Zdrojem téchto tokoferoll jsou patrné lipova seminka, kde jsou tyto dva
tokoferoly hojné zastoupeny [2]. Nova metoda pro stanoveni tokoferol( tak prispéla k lepSimu poznani
sezonnich sezénnich metabolickych zmén v bunéénych membranach modelového druhu hmyzu,

ruménice pospolné (Pyrrhocoris apterus).
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3.2 Zkoumani reaktivity protickych metabolita s heptafluorbutylchlor-
mravencanem a jejich GC-MS analyza v moci.

3.21 Uvod

Lidska moc¢ je komplexni biotekutina, ktera kromé vody, anorganickych soli, mocoviny,
tékavych latek a organickych sloucenin iontové povahy, obsahuje také velké mnoZstvi malych poldrnich
metabolitd s protickymi funkénimi skupinami. Obsah téchto latek v modi odrazi celkovy stav
organismu. JelikoZ je odbér moci neinvazivni, je analyza moci Siroce vyuZivana v diagnostice a jsou
vyvijeny stdle nové metody rozsSifujici metabolomické stanoveni. Mezi nejcastéjsi patfi techniky
separacni spojené s hmotnostni spektrometrii, které se zabyvaji cilenou metabolomickou analyzou i
metabolickym profilovanim [6, 78, 79].

V této studii byla vyvinuta novd GC-MS metoda pro cilené stanoveni protickych metabolit(
v moci. Byly zde studovany reakéni produkty a analytické vlastnosti vice nez 150 znamych metabolitd,
zejména s amino a karboxylovou skupinu. Vyvinuta metoda zahrnuje okamzitou konverzi disulfidickych
mustkd na pfrislusné thioly pomoci tris-(3-hydroxypropyl) fosfinu (THP) nasledovanou derivatizaci
s HFBCF katalyzovanou pyridinem. Derivaty poté obsahuji vysoce nepolarni heptafluorbutylovou cast
a béhem reakce jsou soucasné extrahovany od isooktanové nemisitelné vrstvy (tzv. liquid-liquid

mikroextrakce, LLME), kterou lze pfimo analyzovat technikou GC-MS [3].

7 v s

3.2.2 Experimentalni cast

3.2.2.1 Vzorky moci

Vzorky moci byly ziskany od zdravych dospélych osob, které pravidelné navstévovaly
preventivni prohlidky ve Fakultni nemocnici v Ostravé. Informovany souhlas byl ziskan od kazdého
subjektu a jeho soucasti bylo prohlaseni ucastnikl, Ze netrpi Zadnou zjevnou nemoci a poruchou
metabolismu. Koncentrace kreatininu v moci byla mérena Jaffeho kolorimetrickou metodou [80], ktera
se béziné pouziva v klinické laboratofi. Vzorky byly dodany v uzavienych plastovych lahvickach se
znamou koncentraci kreatininu, s informaci o véku subjektu, skladovany pfi teploté 4°C a zpracovany

do tfi dnl od obdrzeni.

3.2.2.2 Chemikalie a reakéni média

Roztoky proteinovych aminokyselin a dalsi amino-karboxylové metabolity byly pofizeny od
firmy Merck (Sigma-Aldrich, Praha, Ceskd Republika). 2-Methylcitronova kyselina (racemat) byla
obdrzena od firmy C/D/N Isotopes (Quebec, Kanada). Dalsi méné béiné karboxylové kyseliny a
konjugdty glycinu byly od Dr. D. Bruneta, oddéleni Organické chemie, Universita Autonéma v Madridu
(Madrid, Spanélsko). Lyofilizovana moc¢ s certifikovanou hladinou diagnostickych organickych kyselin

(ORG-1) byla ziskana od ERNDIM Foundation (http://cms.erudimga.nl, Winterswijk, Holandsko). THP
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redukéni Cinidlo a isooktan byly koupeny od firmy Merck KGaA (Darmstadr, Némecko).
Heptafluorbutanol (HFBOH) byl od Fluorochem Ltd. (Derbyshire, Velka Britanie). HFBCF byl pfipraven
v Laboratofi analytické biochemie a metabolomiky (Ceské Budéjovice, Ceskd Republika) ve spolupraci
s Dr. V. Pejchalem (Univerzita Pardubice, Ceskd Republika), které dodava firma Pragolab, s.r.o (Praha,
Ceska republika). Dalsi organicka rozpoustédla a chemikalie byly od firmy Merck (Sigma-Aldrich).

Umeéla moc byla pfipravena dle protokolu [81] tak, Ze ve vodé byly rozpustény nasledujici
chemikalie o vysledné koncentraci: 1% mocovina, 8 mmol/| kreatinin, 7 g/I NaCl a 3 g/l K,SO4. Vodny
roztok redukéniho Cinidla THP byl pouZit o koncentraci 0,5%, 5% zasobni roztok byl skladovan
v mraznicce.

Organické reakéni médium obsahovalo smés isooktan-HFBOH-HFBCF v poméru 15 : 1 : 4.
Katalytické medium obsahovalo 4% pyridinu v 1 mol/l vodném roztoku NaOH. Roztoky uvedenych
pracovnich médii byly pfipravovany tydné.
3.2.2.3 Zasobni a pracovni roztoky

Zasobni roztoky vétsiny standard( byly rozpustény v roztoku uhli¢itanu sodného o koncentraci
100 mmol/Il. Vyjimku tvofily proteinové aminokyseliny, homocystein a zkoumané aminy, ty byly
rozpustény v HCl o koncentraci 50 mmol/I. 153 zkoumanych mocovych metabolitd bylo rozfedéno ve
vodé nebo v umélé modi na vyslednou koncentraci 10 pmol/I.

Roztoky kyseliny 4-fenylmaselné a homofenylalaninu (tyto standardy byly pouzZity jako vnitfni
standardy) byly rozpustény ve vodném roztoku uhli¢itanu sodného o koncentraci 100 mmol/l a
vysledna koncentrace byla 200 umol/I.

Pracovni roztoky mocovych metabolitl o riiznych koncentracich byly pfipraveny odpovidajicim

fedénim roztokd zasobnich. Zasobni roztoky byly fedény umélou moci.

3.2.2.4 Vybaveni

Sklenéné zkumavky o rozmérech 6 x 50 mm (Kimble-Kontes, Vineland, NJ) se pouZivaly pro
derivatizaci moci, nastavitelné pipety (50 — 100 pl rozsah objemu) se sklenénymi kapilarami byly
pouzity pro pipetovani organické faze s reakénimi Cinidly a byly od firmy Merck (Darmstadt, Némecko),
pro odebrani organické faze po derivatizaci se pouzivaly 25 mm $picky na pipety od VWR International
(Praha, Ceskd Republika). Reakéni smés byla michdna na micha¢ce REAX 1 od Heidolph (Schwabach
Némecko) a nemisitelné faze po derivatizaci byly oddéleny na centrifuze od firmy Labmark (Praha,
Ceska Republika).
3.2.2.5 Priprava vzorki

Do sklenéné zkumavky bylo naddvkovano 25 ul moci a postupné bylo pridavano 25 ul roztoku
obsahuijici vnitini standardy, 25 ul 0,5 % THP redukéniho Cinidla a po promichani se zkumavka nechala

stat 1 minutu (nebo déle). Dale pak bylo postupné pfidano 50 pl reaktivniho organického media a
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25 ul katalytického media a obsah byl zamichan po dobu 2-3 sekund. Po dalsim pridani 25 pl
katalytického media byl obsah zkumavky michan po dobu cca 5 sekund, dokud se nerozdélena mlécné
zabarvena organicka faze nevycefila zpét do dvou fazi. Na konec bylo pridano 50 ul isooktanu a 25 pl
HCl o koncentraci 1 mol/l, smés byla michana po dobu 2-3 sekund a po kratké centrifugaci (3000 rpm)
byla odebrana horni organicka faze do autosamplerové vialky. 1 ul vzorku byl nadavkovan do GC-MS
systému.

U nékterych analytl po reakci s HFBCF nevznikly ocekavané produkty, popfipadé byl sledovan
kromé ocekdvaného derivatu vznik dalSiho produktu. Pro objasnéni téchto struktur byla méfena kazda
z problematickych latek zvlast a byla vyuzita i LC-MS analyza. Pro LC-MS byla Gprava vzorku stejna jako
u metodiky GC-MS, pouze byl vynechdn posledni krok, tj. pfidani 1 M HCI, odebrana organickd faze
byla odparena do sucha pod proudem dusiku a odparek znovu rozpustén v mobilni fazi. Po objasnéni
reakcnich produktd po derivatizaci s HFBCF byly vysledky konzultovany s literaturou, hlavné s databazi
HMDB (Human Metabolome Data Base).

Pro kalibraci byla skupina metabolitl rozdélena do ¢tyf skupin a byla pfipravena pétibodova
kalibra¢ni pfimka. Kazda z kalibrac¢nich hladin L1, L2, L3, L4 a L5 byla proméfena trikrat. Hladina L1 (L2)
odpovidala 10 krat (2,5 krat) naredéné hladiné L3, hladina L4 (L5) byla 2,5 krat (10 krat)
koncentrovanéjsi, nez hladina L3. Pro nékolik metabolitd byla mérena jesté hladina L6 (25 krat vyssi
koncentrace nez u hladiny L3), aby byly pokryty i ndhodné se vyskytujici vyssi koncentracni hladiny,
zejména pfi vyskytu diagnostickych dédi¢nych metabolickych poruch.
3.2.2.6 GC-MS analyza reakcnich produktu

Plynovy chromatograf 7890A spojeny shmotnostnim spektrometrem 5975C (Agilent
Technologies, Santa Clara, CA) byl vyuzit pro GC-MS analyzu. Separace analytl probihala na kapilarni
koloné ZB-XLB (30 m x 0,25 mm x 0,25 um) (Phenomenex, Torrance, CA). Pratok He byl nastaven na
1,2 ml/min a teplotni program byl nasledujici: od 60°C do 240°C po 5°C/min, a poté do 320°C po
20°C/min (celkovy ¢as analyzy byl 38 minut). Teploty El iontového zdroje, kvadrupdlu a GC-MS rozhrani
byly 230, 150 a 250°C. El energie byla 70 eV. Teplota injektoru byla nastavena na 220°C, objem vzorku
davkovany na kolonu ve splitless madu byl 1 pl. El spektra derivatizovanych produkt(l byla studovana
po méfeni ve full-skenu v rozsahu 40 — 1050 Da (skenovaci rychlost = 2,7 sken(/s).

Pro metabolické profilovani a cilenou kvantifikaci byl méren také full-sken ale v rozsahu 53 —
600 Da (4,2 skent/s) nebo takzvany SIM mdd (selected ion monitoring méd), pfi kterém se sledovaly
dva diagnostické fragmentové ionty. SIM parametry byly nasledujici: 35 ¢asovych usekl, maximum 12
iontd ve skupiné, elektronovy nasobi¢ mél napéti 1318 V. Pro vyhodnoceni dat byl pouZit program MSD

ChemStation (verze E.02, Agilent).
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Pro objasnéni necekanych struktur bylo také vyuZito chemické ionizace v pozitivnim maédu
(PICI). Zde byl pouzit plynovy chromatograf spojeny s kvadrupdélovym hmotnostnim spektrometrem
Trace DSQ vybavenym chemickou ionizaci (Thermo Fisher Scientific, San Jose, USA). VysSetfované
metabolity byly davkovany ve splitless madu, objem 1 pl, pfi teploté 240°C. GC-kolona byla Agilent VF-
1MS, 30 m x 0,25 mm x 0,25 pum (HPST s.r.o., Praha, Ceskd Republika). Teplotni program byl nasledujici:
50 °C bylo drZzeno po 1,5 minuty, a pak byla teplota zvy$Sovana po 20°C/min do 170°C a pak po 30°C/min
do 300°C a drzena po 1 minutu. Pritok helia byl 1,1 ml/min, iontovy zdroj byl zahfivan na 180°C a GC-
MS rozhrani na 250°C. PICI spektra byla méfena v hmotnostnim rozsahu 90 — 1150 Da, 2,5 skend/s.
Jako ioniza¢ni plyn byl pouZit isobutan, jehoZz pratok byl 1,5 ml/min. Pro zpracovani dat byl pouzit
software Xcalibur (verze 2.1, Thermo Fisher Scientific).
3.2.2.7 LC-MS analyza reak¢nich produktd

Struktura nékterych derivatl byla ovéfena pomoci LC-MS. Byl pouZit kapalinovy chromatograf
Accela 600 spojeny s LTQ-XL hmotnostnim spektrometrem (Thermo Fisher Scientific, San Jose, USA).
Pro separaci byla pouzita kolona Kinetex C 18, 150 x 2,1 mm, 5 um (Phenomenex, Torrance, USA), ktera
byla temperovana na 25°C. Mobilni faze byla namichana z methanolu svodou obsahujici
5 mM mravencan amonny (pH = 4,5). Pocatecni koncentrace methanolu byla 30 obj. % a byla linearné
zvySovana do 100 obj. % béhem 10 minut a poté drZena na 100 % po dobu 3 minut. Pritok mobilni
faze byl 250 pl/min a injektovany objem byl 5 pl. Elektrosprej v pozitivnim mddu byl nastaven
nasledovné: teplota kapilary 275°C, desolvatacni teplota 150°C, zdrojové napéti 4 kV, napéti na
kapilare 40 V, dusik byl pouZit jako susici plyn. Pro zpracovani dat byl pouZit software Xcalibur (verze

2.1, Thermo Fisher Scientific).
3.2.3 Vysledky a diskuse

3.2.3.1 Reakéni produkty metabolitti po derivatizaci s HFBCF

Soubor metabolitl byl vybran na zakladé studia soucasné literatury a metabolickych databazi.
Je uveden v tabulce S.2. Jedna se hlavné o aminokyseliny (56 aminokyselin a jejich konjugatd) a
karboxylové kyseliny (86), biogenni aminy (9) a dva interni standardy (kyselina 4-fenylmaselna a
homofenylalanin). Reakcni produkty kazdého analytu (1 — 10 nmol) byly studovany ve vodném
prostfedi a v umélé moci a jejich El spektra a PICI hmotnostni spektra byla prozkoumana. Kdyz reakéni
produkt nebyl pozorovdn nebo byl pfitomen v nizkém vytézku, organickd faze byla odparena, obsah
byl znovu rozpustén v mobilni fazi a zméren na LC-MS. Navrhované struktury pro vsechny zkoumané
analyty jsou uvedeny v tabulce S.2. U vétsiny testovanych metabolitld dochazelo ke vzniku jednoho
definovaného derivatu a tento derivat poskytoval jeden pik v TIC GC-MS chromatogramu (120 analytd,

78 %).
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Heptafluorbutyl ester kyseliny pyrohroznové (analyt Cislo 1) byl detegovan, ale jeho
diagnosticky fragment m/z 43 byl prekryt vysokym El signdlem piku rozpoustédla. Relativni TIC EI
odezva pozorovanych minoritnich vedlejsich produktl, vétSinou s nelplné zreagovanymi funkénimi
skupinami, byla mensi nez 4 % ve srovnani s piky o¢ekavanych majoritnich reakénich produkt(i. Méné
reaktivni hydroxylové skupiny ve 3-hydroxykarboxylovych kyselinach (metabolity Cislo 4, 9, 24 a 79),
hydroxyaminokyselinach (threonin, cislo 57, hydroxyprolin, Cislo 89 a 94) a histidinu (¢islo 114), zlstaly
¢astecCné nezreagované a vznikaly dva produkty, v tabulce oznaceny s ptiponou a a b.

Funkéni skupiny cystinu (Cislo 137) a homocystinu (Cislo 145) byly pomoci HFBCF derivatizovany
kompletné. Disulfidické mustky v obou aminokyselindch byly redukovany avznikly cystein a
homocystein byl derivatizovan. TudiZ zméreny obsah cysteinu (resp. homocysteinu) odpovidal sumé
cystin-cystein (resp. homocystin-homocystein).

U biogennich amin( putrescinu (Cislo 105a) a kadaverinu (Cislo 123a) kromé predpokladaného
karbamatu vznikal jesté vedlejsi produkt — isokyandat-karbamat (¢isla 105b a 123b). V pfipadé kyseliny
2-ketoglutarové (Cislo 42a, 42b) a lysinu (Cislo 119a, 119b) byly pozorovany dva izomery. U nékterych
acylovanych aminokyselin, N-acetylglycinu (¢islo 37), N-hexanoylglycinu (Cislo 39) a kyseliny hippurové
(Cislo 78) dochazelo k cyklizaci za soucasné ztraty vody.

U polyfunkénich organickych kyselin (Cislo 21, 60 a 68) nebyly vytézky hlavnich vznikajicich
produktll uplné. Na pfiklad u kyseliny citronové, ktera obsahuije tti stericky stinéné karboxylové skupiny
a hydroxy skupinu, dochazi ke vzniku tfi produkt(. Jednim z nich je kyselina cis-akonitova (cislo 60c). U
glutaminu kromé ocekdvaného derivatu dochazi ke vzniku derivatl pyroglutamové (Cislo 69) a
glutamové kyseliny (minoritné).

Posledni studovanou skupinou jsou metabolity ¢islo 147-155, které reagovaly s Cinidlem HFBCF
malo, nebo omezené. Kyselina mevalonova (Cislo 147) neposkytuje vyhovujici GC pik. Jak ukazala
pozdéjsi LC analyza, dochdzi u ni pouze k esterifikaci karboxylové skupiny a 3- a 5-hydroxy skupina se
neacyluje. Podobné, amino-karboxylové funkéni skupiny u citrulinu (¢islo 148) a argininu (¢islo 149a)
jsou derivatizovany pouze v malé mire, pficemz guanidinova (u argininu) a ureido skupina (u citrulinu)
zGstavaji nezreagované. LC-MS analyza prokazala, Ze guanidinova skupina ¢astecné zreaguje (Cislo
149b) avsak je tak silné polarni a/nebo termo labilni, Ze produkt argininu neni na GC-MS detekovatelny.
LC-MS analyza také ukazala, Ze mocovina (¢islo 151) a kyselina mocova (Cislo 152), které jsou v moci
obsaZeny ve vysoké koncentraci, s HFBCF nereaguji a neprechazeji do organické faze béhem LLME.

Kyseliny 3,4-dihydroxyfenyloctova a 3,4-dihydroxymandlova (Cislo 153 — 154) se ukazaly jako
Castecné labilni. Kyselina oxaloctova (Cislo 155) se rychle rozklada ve vodném prostredi [82].

Biogenni aminy metanefrin (Cislo 136) a normatanefrin (Cislo 140) poskytovaly nizké reakcni

vytézky a jsou v moci ve velmi nizké koncentraci, tudiz nebyly do dal$iho studia zahrnuty.
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3.2.3.2 Ptiprava vzorku moci ke GC-MS analyze

Novy postup zahrnuje redukci thiolovych vazeb pomoci THP, dpravu pH, derivatizaci
metabolitl pomoci smési HFBCF-isooktan (organické medium) a NaOH-pyridin, (katalytické medium,
pridava se ve dvou krocich z divodU zlepseni vytézku reakce), LLME, odstranéni necistot pyridinu
pomoci HCl, odebrani horni organické vrstvy do autosamplerové vialky a GC-MS analyzu, viz Obr. 9

Pokud neni zapotiebi stanovovat cystin a homocystin, je mozné vynechat pfidani THP. Pracovni
postup pak dale zlstava beze zmén. Béhem reakce dochazi ke vzniku tfi fazi: 1) horni organicka faze,
kterd obsahuje derivaty metaboliti, 2) dolni vodna faze, kterd obsahuje pyridinové soli a dalsi
anorganické latky a za 3) ke vniku oxidu uhlic¢itého, ktery vznika pfi rozkladu HFBCF béhem reakce.

Pfiprava vzorku je jednoduchy proces, pfi kterém je zapotiebi pouze 25 ul moci. Vyvinuty
proces je rychlejsi, méné pracny a pokryva sirsi skalu mocovych metabolitl, nez dfive popsané techniky

vyuzivajici RCF [83, 84].

Mo¢, 25 uL
J1
Smés vnitfnich standardd, 25pL
12
THP redukeni ¢inidlo, 0.5%, 25 L, 1 min
$3
Na,CO, 100mM, 25 pL
4
Organické médium (Isooktan-HFBCF-HFBOH, 15:4:1, v/v/v), 50puL
15
Katalytické médium (1 M NaOH-pyridin, 24:1, v/v), 25uL, michani 3 s
|6
Katalytické médium (ibid), 25uL, michani do vycereni, 5 s
47
Isooktan, 50 uL
{8
1 M HCI, 25 pL, michéni 3 s
9
Odebrani horni vrstvy
110
Nastfik, sls, 1 pL
k|
GC-MS analyza, ZB XLBm

Obr. 9: Postup pfipravy vzorku pro GC-MS profilovani protickych metabolitli v lidské modi.
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3.2.3.3 Kvantitativni stanoveni metabolita v lidské moci

Podrobné studium El a PICI spekter zkoumanych metabolitli ukazalo jejich uZitecnost pfi
strukturni analyze metabolitl a mnoiZstvi diagnostickych fragmentovych iontl vhodnych pro
kvantitativni analyzu, viz Tab.1 v publikacich [3, 4].

Typicky chromatograficky zaznam GC-MS analyzy smésné moci (smichano 10 Zenskych a 10
muzskych vzork({ moci ziskanych od zdravych dobrovolnik(l) po soucasné derivatizaci s HFBCF a LLME
je na obrazku 10. Metoda byla findlné upravena na GC-MS analyzu v SIM modu. K vyvoji metody bylo
pouzito 50 Zenskych a 50 muZskych vzorkl moci obdrZenych od zdravych jedincl. Kalibrace byly
provedeny v umélé moci s pomoci 2 internich standardd. Bylo by Zadouci pouzit strukturné podobny
(nejlépe izotopicky znadeny) interni standard pro kazda analyt, ale pfi takto vysokém mnozstvi analytl
je tento model tézko realizovatelny. Proto byly vybrdny a pro kvantifikaci vétsiny organickych a amino-
karboxylovych kyselin pouZity dva interni standardy, kyselina 4-fenylmaselnd (Cislo 63) a
homofenylalanin (Cislo 103). Kalibra¢ni zavislosti byly proméreny v rozmezi tfech fadu okolo stfedni
hladiny L3. Kalibraéni data zahrnuji parametry kalibraéni zavislosti, koeficient determinace R?, mez
detekce LOD a spodni mez stanoveni LLOQ (hladina L1), viz. kalibra¢ni data v tabulce 3 v praci [3].

Koncentrace metabolitd namérené v moci byly porovnany s publikovanymi daty uvedenymi
v HMDB databazi. Nalezené hodnoty s hodnotami v HMDB databazi dobre koreluji a je patrné, ze 25 pl
modi je plné dostacujici ke kvantifikaci 112 metabolitd v koncentraénim rozsahu 0,2 — 400 pumol/mmol
kreatininu. Dvacet validovanych metabolitli nebylo v moci detekovano, jejich pfitomnost v moci byla
pod limitem detekce metody. Nicméné, pri nékteré metabolické poruse mlzZe dojit ke zvyseni
koncentracni hladiny nékterého z metabolitl a pak by prislusny metabolit mohl byt kvantifikovan.
Kyselina hippurova (¢islo 78), kyselina citronova (Cislo 60) a histidin (¢islo 114) byly detekovany ve vyssi
koncentraci, nez 100 umol/mmol kreatininu. V reakénim mediu je takovy nadbytek derivatizacniho
¢inidla (10 pl, tj. ptiblizné 60 umol), Ze pro objem moci 25 ul neni problém derivatizovat vSechny
metabolity i ve vysSich koncentracénich hladinach.

Popsané vysledky dokazuji, Ze vyvinutd metoda je vhodnym ndstrojem pro cilenou GC-MS

analyzu protickych metabolit( v lidské moci.
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3.3 Stanoveni biomarkerd expozice pramyslovym latkam
pomoci alkylchlormravencani a jejich kvantifikace v lidské moci
technikou GC-MS

3.3.1 Uvod

Lidé jsou ve svém Zivotnim i pracovnim prostfedi exponovani velkému mnozstvi chemickych
latek, které jim mohou byt potencialné zdravi Skodlivé. Je odhadovano, ze ¢lovék je béhem svého Zivota
vystaven 1 -3 miliondm xenobiotik [85]. Je proto nutno miru expozice kontrolovat a udrzet v pfijatelné
vysi, ktomu je tfeba mit k dispozici vhodné analytické postupy. Existuji dva zakladni analytické
pfistupy: v prvnim pfipadé — stanoveni Skodlivin pfimo ve vnéjsim prostredi anebo tzv. biologické
monitorovani. Biologické monitorovani znamena stanoveni chemickych polutantli nebo jejich
metabolitl pfimo v organismu nebo v definované biotekutiné (nejc¢astéji v krvi ¢i moci). V oboru
hygieny prace je biologické monitorovani uznavanym nastrojem pro hodnoceni profesionalnich
expozic. Pro nékolik desitek chemickych Skodlivin byly zavedeny tzv. biologické limity, hladiny
biomarker( v biologickém materidlu (nejcastéji moci), jejichz neprekracovani by mélo zarucit ochranu
zdravi pracujicich osob pti kazdodenni 8 hodinové expozici. Biologické limity priimyslovych polutant(
jsou zavedeny v mnoha statech. Mezi nejvice respektované patfi limity uvedené v American
Conference of Governmental Industrial Hygienists (ACGIH) [86] a Germany Deutsche
Forschungsgemeinschaft (DFG) [87]. Tyto organizace prezentuji biologické limity pod specifickymi
nazvy: ACGIH — Biological exposure indices (BEI) a DFG — Biologische Arbeitsstoff-Toleranz-Werte
(BAT). Porovnani BEI a BAT biologickych limitl pro vybrané metabolity, kterymi se zabyva tato studie,
je uvedeno v Tabulce 8.

Mnoho vyznamnych organickych prlmyslovych skodlivin (rozpoustédla, monomery) je z
organismu vyluCovano moci ve formé karboxylovych kyselin, které lze stanovit jako biomarkery
expozice. Mezi nejc¢astéji sledované biomarkery patfi metabolity benzenu, toluenu, styrenu, xylent a
alkoxyethanolU. Jejich metabolické drahy jsou stru¢né uvedeny na Obr. 11 a 12. Biologické limity
uvedenych biomarkerd se pohybuji v rozmezi od desitek pg do tisich mg na litr modi, resp. na g

kreatininu (viz. Tabulka 8).
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Tabulka 8: Vybrana xenobiotika, jejich metabolity a porovnani biologickych limit(.

Biologicky limit

Xenobiotikum Metabolit Zkratka -
Hodnota Zdroj
kyselina t,t-mukonova t,t-MA 500 pg/g ACGIH
benzen kreat.
kyselina S-fenylmerkapturova S-PMA 25 pg/g kreat. ACGIH
kyselina hippurova HA 1600 me/g DFG, ACGIH
kreat.
toluen kyselina S-p-tolylmerkapturova S-TMA - -
kyselina S-benzylmerkapturova S-BMA - -
o0-,m-,p-xyleny kyselina o-,m-,p-methylhippurovd  MHA 20&%2§/L DFG
kyselina mandlova MA 400 mi/*g DFG
styren kreat.
kyselina fenylglyoxylova PGA 600 mi/*g ACGIH
kreat.
kyselina methoxyoctova MAA 1 mg/g kreat. ACGIH
. , 100 mg/L moci ACGIH
kyselina ethoxyoctova EAA ..
alkoxyethanoly 50 mg/L modi DFG
kyselina butoxyoctova BAA 150 me/g DGF
kreat.
sirouhlik kyselina 2-t,h|oth|azolld|n-4- TTCA 0.5 mg/g ACGIH
karboxylova kreat.
fural kyselina furan-2-karboxylova FCA 200 mg/L moci ACGIH
NN- kyselina S-(N- AMCC 40 mg/L modi ACGIH

dimethylformamid methylkarbamoyl)merkapturova

* = suma kyselin methylhippurovych,** = suma kyseliny fenylglyoxylové a mandlové, kreat. =
kreatinin

ACGIH = American Conference of Governmental Industrial Hygienists [86], DFG = Germany
Deutsche Forschungsgemeinschaft [87]

V soucasné dobé jsou dominantnimi metodami pro stanoveni uvedenych biomarker( v moci
techniky HPLC a GC, vétSinou dnes jiz v kombinaci s MS detekci. Volné kyseliny Ize stanovit pomoci
HPLC [88]. GC-MS stanoveni vyZaduje pfi pfipravé vzorku pouZiti nékterého z derivatizacnich postup(;
nejCastéji se pouziva methylace [89 — 94] nebo silylace [95 — 98]. Mezi novéjsi prace, které se zabyvaji
touto problematikou, patfi napfiklad studie stanoveni S-PMA v lidské mo¢i pomoci HPLC-MS/MS [99 —
101] nebo metody stanovujici v lidské moci t,t-MA [102, 103]. Stale se hledaji nové postupy, které
zjednodusuji a zrychluji analyzu hledanych xenobiotik, napf. Zhao a kolektiv [104] stanovuji HA v lidské
moci pomoci iontové chromatografie s vodivostni detekci, nebo Cosnier a kol. [105] popsali stanoveni
MA, PGA a HA v mysi moci pomoci GC-FID po predchozi derivatizaci s 2-propanolem v HCl. Metodu
stanoveni HA a kreatininu za suché skvrny moci pomoci HPLC/UV popisuje studie Autunese a kol. [106],
¢imz odpada transport sbirané moci. Pro stanoveni t,t-MA v lidské moci [107] byla pouZita SPE na

specialnim sorbentu s naslednou derivatizaci extraktu pomoci ECF a GC-MS analyzou.
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Zavedené normy v ramci hygienického dozoru obvykle vyZaduji stanoveni (pfedem znamé)
dominantni Skodliviny. Vypracované pracovni postupy byly proto optimalizovany pro stanoveni
jednotlivych biomarker(, i kdyZ expozice mize nastat nékolika Skodlivinam soucasné. Laboratore tak
musi udrZovat a periodicky validovat radu analytickych metod.

Jako perspektivni alternativa se nabizi stanoveni co nejvétsiho poctu biomarker( jednotnym
analytickym postupem — tzv. profiling. To bylo motivaci k systematickému studiu reakci souboru
biomarkert uvedenych v Tabulce 8 sRCF a jejimu vyuZiti k sou¢asnému stanoveni 16 hlavnich

biomarkert expozice v moci v programech biologického monitorovani.
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OH NH/\|/

o-xylen o-methylbenzyl alkohol kyselina o-methybenzoova  kyselina o-methylhippurova

0 0
OH OH NH O
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Obrazek 11: Metabolismus expozice benzenu [108], toluenu [109] a o-xylenu [110] v lidském

organismu. GSH = glutathion.
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Obrazek 12: Metabolické drahy expozice styrenu [111], alkoxy ethanoli (R = 2-methoxy, 2-ethoxy a
2- butoxy) [112], sirouhliku [113], furalu a N,N-dimethylformamidu v lidském organismu. GSH =

glutathion

7 v s

3.3.2 Experimentalni cast
3.3.2.1 Chemikdlie

Pyridin, kyselina 2-fenylmaselna, 2-fenoxyoxazol-5(4H)-on, kyselina chlorovodikova, roztok
kyseliny chlorovodikové v suseném ethanolu (koncentrace 1,25mol/l), kyselina mravendi, ethanol a

mravenéan amonny byly pofizeny od firmy Merck (Praha, Ceska republika). ECF, chloroform, *3Cp-
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ethanol, Ds-ethanol, benzylmerkaptan, kyselina adipovd-1,6-13C; (AdA-1,6-13C;), kyselina
pentafluorfenoxyoctova (PFPAA), kyselina S-p-fluorfenylmerkapturova (S-FPMA) a standardy 16
organickych kyselin uvedenych vtabulce 8 byly pofizeny od firmy Sigma-Aldrich (Praha, Ceska
republika), hydroxid sodny od Lachemy (Brno, Ceska republika). Methanol a acetonitril byly od firmy
Fisher Scientific (Pardubice, Ceskd republika). Kyselina D-azetidin-2-karboxylova byla koupena od
Calbiochem (Los Angeles, USA). Sirovodik byl vyroben v Kippové pfistroji. Ds-ethylchloromravencan
(D3-ECF) a 3C,-ethylchlormravendan (*C,-ECF) byly pFipraveny ve spolupraci s Dr. V. Pejchalem
(Univerzita Pardubice, Ceskd Republika).

Lidska moc, pouzita na testovani a naslednou validaci metody, byla obdrZena od zdravych
dobrovolnikd. Kontrolni moc¢ IP45, kterd obsahovala znamé mnozstvi MAA, EAA, BAA, PGA t,t-MA a
vSechny izomery MHA, byla ziskdna od Prof. Dr. Med. H. Drexlera (Institute and Out-Patient Clinic for
Occupational, Social and Environmental Medicine of the Friedrich-Alexander-University Erlangen-
Nuremberg, Némecko), referenéni materidl RM6009, obsahujici certifikované mnozstvi PGA a MA, a
dale moc¢ dobrovolnika, ktery byl vystaven expozici ethoxyethanolem, byly dodany Dr. Jaroslavem

Mrazem (Statniho zdravotnicky Ustav, Praha, Ceska Republika).

3.3.2.2 Studium reakce sledovanych biomarkeri s RCF

Byly pfipraveny roztoky standardd stanovovanych kyselin o findlni koncentraci 0,01 mol/I a
roztoky vnitfnich standard( také o koncentraci 0,01 mol/l. Standardy byly rozpustény v destilované
vodé. Prehled struktur stanovovanych latek je na Obr. 13.

Jako derivatizacni Cinidlo byl pouzit ECF. Pro identifikaci vedlejsich produktt byla vyuzita reakce
s izotopicky znaéenym ECF (Ds-ECF a *3C,-ECF).

Derivatizacni postup byl nasledujici: 100 pl moci (nebo vody) s 1 pl kazdého ze standardu (o
koncentraci 0,01 mol/l) bylo smichdno se 75 pl smési ethanol (Ds-ethanol, *3C,-ethanol) — pyridin (4 : 1,
v/v) a reakéni smés byla kratce promichana. V dal$im kroku bylo pfidano 75 pl smési obsahujici
chloroform — ECF (Ds-ECF, *C,-ECF) (9 : 1, v/v), pak 75 pl hydroxidu sodného o koncentraci 1,5 mol/l a
po zamichéni znovu 75 pl smési chloroform — ECF (Ds-ECF, 3C,-ECF) (9 : 1, v/v). Poslednim krokem bylo
pridani 75 ul kyseliny chlorovodikové o koncentraci 3 mol/l a po promichani byla odebrana ¢ast dolni

organické vrstvy do vialky a pak 1 pl injektovan do GC-MS.
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Obrazek 13: Prehled struktur vSech vysetfovanych analytd.

3.3.2.3 Syntéza ethylester( o-MHA, S-BMA a S-TMA

100 mg o-MHA (S-BMA, S-TMA) bylo navazeno do 5 ml sklenéné vialky, byl pfidan 1 ml
reakéniho media, tj. 1,25 M roztok kyseliny chlorovodikové v suseném ethanolu a smés byla michana
po dobu 5 hodin. Po reakci bylo rozpoustédlo odpareno proudem dusiku a produkt byl znovu rozpustén
v 1 ml chloroformu. Tato smés byla 3 krat extrahovana proti 1 ml 0,1 M roztoku hydroxidu sodného a
3 krat proti 1 ml destilované vody. Poté bylo rozpoustédlo znovu odpafeno do sucha a vysledny produkt

byl zvaZen. Jeho Cistota byla ovérena pomoci LC-MS analyzy (viz dale).
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3.3.2.4 LC-HRMS analyza

LC-HRMS analyza byla vyuzita pro zjisténi elementarniho sloZeni derivat(, pro objasnéni struktury
vedlejsich produkt(i reakce a pro kontrolu Cistoty syntetizovanych produktd. Tyto analyzy byly
provedeny na Q-Exactive hmotnostnim spektrometru s vysokym rozliSenim ptrimo spojenym s Dionex
Ultimate 3000 a Dionex autosamplerem (Thermo Fisher Scientific, USA). K ionizaci byl pouZzit
elektrosprej v pozitivnim mddu s nastavenim: zdrojové napéti 3.0 kV, teplota sprejovaci kapilary
350°C, susici plyn 40 au, desolvatacni teplota 350°C. Hmotnostni spektrometr byl kalibrovan na
hmoty 279,15909 Da a 391,284429 Da. Pro vyhodnoceni a zpracovani dat byl vyuzit Xcalibur Core
software (verze 2,0). Chromatograficka separace byla provedena na kolené Kinetex (150mm x 3,0
mm i. d., 2,6 um, Phenomenex, USA), gradient mobilni faze byl: 0 min, 30 % A + 70 % B; 10.0 min, 100
% A; 11.0 min, 100 % A; 11.1 min, 30 % A + 70 % B; 14.5 min, 30 % A + 70 % B; pticemz A obsahoval 5
mmol/l mraven¢an amonny v methanolu a B obsahoval 5 mmol/l vodny roztok mravencanu
amonného, pratok mobilni faze byl 400 ul/min, ddvkovaci smycka o objemu 5 pl, teplota kolony 35°C,

teplota v autosampleru 10°C.

3.3.2.5 GC-MS analyza

GC-MS DSQ hmotnostni spektrometr (Thermo Electron, San José, CA, USA) vybaveny
elektronovou (El) i chemickou (Cl) ionizaci a injektorem s programovatelnou teplotou (PTV) byl pouZit
pro analyzu derivatizovanych vzorkd. Xcalibur Core software, verze 2.0, slouZil k vyhodnoceni a
zpracovani dat, na kolonu byl davkovan 1 ul vzorku ve splitless modu. Teplota injektoru byla nastavena
na 50°C a po 0,25 minuté zvySovana po 10°C/s na vyslednych 200°C. Kapilarni chromatograficka kolona
Varian VF-17ms, 30 m x 0, 25 mm i. d., s tloustkou filmu 0, 15 um (Agilent, Middelburg, Nizozemi) méla
pocatecni teplotu 50°C po dobu 2 min, teplota byla zvySovana po 15°C/min do 170°C a pak po 35°C/min
do vyslednych 310°C. Tato teplota byla drZzena po dobu 1 min. Nosnym plynem bylo helium o pratoku
1,2 ml/min, iontovy zdroj mél teplotu 200°C a GC-MS rozhrani 250°C. Detekce probihala v El modu (70
eV) ve skenovacim rozsahu 40 — 400 Da. Ve validované metodé byl pak vyuZit rezim SIM, kde byly
sledovany charakteristické diagnostické ionty pro kazdou latku. Pro potvrzeni struktury vedlejSich
produktl reakce byla vyuZita Cl detekce v pozitivnim mddu, kde se méfilo ve skenovacim rozsahu 100
— 560 Da, jako ioniza¢ni plyn byl uplatnén isobutan o pritoku 1,6 ml/min, teplota iontového zdroje
byla 160°C a teplota GC-MS rozhrani 250°C.
3.3.2.6 Stanoveni biomarkerl expozice v mo¢i a validace metody

Byla pripravena tzv. kontrolni moc¢, kde bylo smichano nékolik vzorkd moci, které byly ziskany
od zdravych dobrovolnikd. Dle doporuceni [58] byly validovany nasledujici parametry: kalibracni
zavislost, limit detekce (LOD) a limit stanoveni (LOQ), preciznost (anglicky ekvivalent = precision),

presnost (anglicky ekvivalent = accuracy), vytéznost (anglicky ekvivalent = recovery) a stabilita.
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Kalibrace byla provedena metodou kalibracni krivky a pridavku jednotlivych analytd (s
vyjimkou kyseliny hipurové). Analyty byly rozdéleny na skupiny a k nim byl vybran strukturné podobny
vnitfni standard (viz. Tabulka 9).

Presny postup Upravy vzork( byl nasledujici: 75 pl modi, 15 pl smési standardd a 10 pl smési
internich standard( (aby vysledny objem odpovidal 100 pl) bylo smichano v reakéni zkumavce. K této
smési bylo pfidano 75 pul smési ethanol : pyridin (4 : 1, v/v) a pak reakéni smés ECF : chloroform (75 pl,
pomér 9 : 1, v/v), po promichani 75 pl hydroxidu sodného o koncentraci 1,5 mol/l a znovu 75 pl smési
ECF : chloroform. Vzorek byl michan po dobu asi 10 sekund a nasledovalo pfidani 75 pl kyseliny
chlorovodikové o koncentraci 3 mol/l. Po promichani bylo odebrano 50 ul dolni chloroformové vrstvy
a k této casti bylo pfidano 50 ul ethanolu, obsah byl promichan a 1 ul vzorku bylo ddvkovéno do GC-
MS. Bylo pfipraveno 6 koncentracnich hladin a rozsah koncentraci byl vybran v souladu s biologickymi
limity pro kazdou latku (viz. Tabulka 8). KaZdy vzorek byl derivatizovan pétkrat. Analyty byly
vyhodnoceny jako pomeér plochy piku analytu a vnitfniho standardu a byla vynesena kalibra¢ni zavislost
poméru ploch na koncentraci. Kalibra¢ni pfimka kazdého analytu byla pouZita k ur¢eni smérnice,

useku, korelac¢niho koeficientu a pro stanoveni koncentrace latky u kontrolnich vzork( referencnich

evyvs

evvs

vvvvvvvv

byla také urcena také z téchto vzorkl a to tak, Ze byla zméfrena koncentrace pridana a uréen pomér
namérené hodnoty ke skuteénému pridavku, spoctena dle vzorce: namérenda koncentrace/pfidana
koncentrace * 100. Stabilita derivatd byla vyhodnocena ze vzorkli, kde byla pfidana stredni
koncentracni hladina (n = 3). V prvnim pfipadé byl vzorek po derivatizaci uchovan pfi pokojové teploté
a v druhém pripadé v lednici o teploté 4°C. Stabilita derivatd byla méfena v pravidelnych intervalech
po dobu 72 hodin. Koncentrace analytl byla navic porovnana se vzorky, které byly pfipraveny kazdy

dne Cerstveé.
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Tabulka 9: Prehled stanovovanych metabolitl xenobiotik a rozdéleni do skupin dle pouZitych
vnitfnich standarda (IS).

IS1 = Kyselina pentafluorfenoxyoctova
Kyselina methoxyoctova

Kyselina ethoxyoctova

Kyselina butoxyoctova

IS2 = Kyselina adipova 3C,

Kyselina t,t-mukonova

IS3 = Kyselina D-azetidin 2-karboxylova
Kyselina 2-thiothiazolidin-4-karboxylova

1S4 = Kyselina 2-fenylmaselna
Kyselina o-methylhippurova
Kyselina m-methylhippurova
Kyselina p-methylhippurova
Kyselina furan-2-karboxylova
Kyselina fenylglyoxylova
Kyselina mandlova

IS5 = Kyselina S-p-fluorfenylmerkapturova
Kyselina S-benzylmerkapturova

Kyselina S-p-tolylmerkapturova

Kyselina S-fenylmerkapturova

3.3.2.7 Ovéreni vypracované GC-MS metody méfenim koncentrace metabolitli xenobiotik
v referenénich materialech.
K dispozici byly dva typy referencnich matrialQ:

1) Moc IP 45, ktera obsahovala znamé mnozstvi MAA, EAA, BAA, PGA, t,t-MA, o-, m- a p- MHA.

2) Moc¢ RM 6009, ktera obsahovala zndmé mnozZstvi PGA a MA.

Postup pripravy téchto vzork( byl nasledujici: 90 ul moci a 10 pl smési internich standardd bylo
smichano v reak¢ni zkumavce a vzorek byl dédle derivatizovan s ECF viz. postup 3.3.2.3. Analyty byly
vyhodnoceny jako pomér plochy piku analytu a vnitfniho standardu a z kalibraéni rovnice analytu byla

vypoctena koncentrace. Kazdy vzorek byl méren pétkrat.

3.3.2.8 Porovnani vypracované metody se silylacni metodou pro stanoveni EAA v moci u lidi
exponovanych ethoxyethanolem.
Byla provedena studie, kdy byl zdravy dobrovolnik vystaven expozici ethoxyethanolu po dobu
4 hodin. Koncentrace ethoxyethanolu ve vzduchu byla 20 mg/m3, co? je pfipustny expozi¢ni limit. Po
expozici byly vzorky moci sbirdny v pravidelnych intervalech od ¢asu (t = 0) pfed expozici a pak po dobu
188 hodin béhem a po expozici. V moci byl u kazdého vzorku stanoven metabolit ethoxyethanolu —
EAA a kaidy vzorek byl méren trikrat, vjedné sérii byl derivatizovdn ECF a vdruhé sérii N-

(tertbutydimethylsilyl)-N-methyl-trifluoroacetamidem (MTBSTFA). Jako vnitfni standard byla v obou
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pripadech poufZita kyselina pentafluorfenoxyoctova. Postup derivatizace s ECF byl stejny jako v sekci
3.3.2.3. Koncentrace byla vypoctena z dfive vyhotovené kalibracni zavislosti (viz. sekce 3.3.2.3). Postup
derivatizace s MTBSTFA byl popsan ve studii [114]. K1 ml modi byl pfidan vnitfni standard a byla
provedena extrakce ethylacetatem, tento extrakt se odpafil do sucha a bylo pfidano derivatiza¢ni
¢inidlo (MTBSTFA). Reakce probihala po dobu 30 min pfi 80°C. Po derivatizaci byl vzorek opét
extrahovan ethylacetdtem a 1 pl davkovan do GC-MS. Pro metodu s MTBSTFA byla vyhotovena

kalibrac¢ni zavislost, ze které byla ur¢ena koncentrace EAA v realnych vzorcich.

3.3.3 Vysledky a diskuse

3.3.3.1 Reak¢ni produkty biomarkerti expozice s RCF

Testovani nékolika RCF ukazalo, Ze metoda zaloZena na derivatizaci s ECF je nejvhodnéjsi pro stanoveni
vSech Sestnacti vysetfovanych analytl. U vétsSiny testovanych biomarkert dochazelo ke vzniku jednoho
ocCekavaného produktu s jasné definovanym hmotnostnim spektrem. Monoethylester vznikal u MAA,
EAA, BAA, FCA, PGA a dva vnitini standardy PBA a PFPAA, diethylester vznikl pro t,t-MA a jeji vnitini
standard AdA-1,6-13C,, ethylester-ethylkarbonat pro MA a ethylester-ethylkarbamat pro TTCA (Obr.
14) a jeji vnitfni standard ACA. U metabolitd kyselin hippurovych a merkapturovych dochazelo ke
vzniku dvou produktd, vedle ocekavaného ethylesteru vznikal jesté jeden produkt. Zajimavé vlastnosti
mél jediny produkt reakce ECF s AMCC, kde namérend hmotnostni spektra indikovala jinou strukturu.
U neznamych vznikajicich produktd byly proto provedeny dalsi experimenty k objasnéni jejich

struktury (viz dale).
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Obrazek 14: Reakéni schéma kyseliny mandlové a kyseliny thiothiazolidin-4-karboxylové s ECF.

3.3.3.2 Derivaty hippurovych kyselin

Hippurové kyseliny (HA, o-, m- a p-MHA) poskytuji po derivatizaci s ECF dva produkty pfiblizné
vpoméru 2 : 1. Pomoci El a PICI naméfenych spekter se podafilo prifadit pik s vyssi retenci
oCekavanému ethylesteru kyseliny, zatimco struktura piku s nizsi retenci byla uréena, téZ s pomoci
literatury [115], jako dehydratacni produkt hippurové kyseliny, 2-fenyloxazol-5(4H)-on. Struktura
tohoto derivatu byla jednoznacné potvrzena porovnanim analytickych vlastnosti s dostupnym
standardem 2-fenyloxazol-5(4H)-onu.

Dalsi experimenty vyloucily, Ze cyklicky produkt vznika v injektoru GC. Byl pfipraven ethylester
kyseliny o-MHA a GC-MS analyza potvrdila pfitomnost pouze ethylesteru. Je zndmo [115], Ze oxazolony
maji tendenci k rozkladu po pfidani alkoholu. To se potvrdilo i vtomto ptipadé, jak je ukdzano na
obrdzku 15, pfidavek 50 pl MeOH nebo EtOH ke stejnému extraktu ved| ke vzniku ptislusného esteru a
zastoupeni cyklického produktu se vyrazné zmensilo. Pokud byl pfidan misto alkoholu chloroform,
poméry obou produktli kazdého hippuratu zlstaly zachovany. Z tohoto dlivodu byl do postupu
pfipravy vzorku zafazen dalsi krok - ptidani 50 ul ethanolu. Na Obr. 16 je uvedeno schéma reakce o-

MHA s ECF.
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Obrazek 15: GC-MS chromatogramy porovnavajici reakéni produkty o-MHA, (1) bez ptidavku

alkoholu, (2) po pridavku methanolu a (3) po pfidavku ethanolu po derivatizaci s ECF.
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Obrazek 16: Schéma finalni pfipravy vzorku pomoci reakce ECF s kyselinou o-methylhippurovou
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3.3.3.3 Derivaty merkapturovych kyselin

Reakce S-PMA, S-TMA a S-FSPMA s ECF vede také ke vzniku dvou produktd, v poméru 1 : 1.
Drive eluujici pik byl neznamy produkt, pozdéji eluujici pik ocekavany ethylester. S-BMA davala také
dva produkty v poméru 2 : 5, opét dfive eluujici pik byl neznamy produkt, a druhy pik ethylester.

Namérend El spektra naznacila, Ze vedlejsi produkt S-PMA, S-TMA a S-FSPMA vznika
analogicky, zatimco vedlejsi produkt S-BMA vznikd rozdilnou cestou. K objasnéni struktur byly
pfipraveny ethylestery S-TMA a S-BMA. GC-MS analyza téchto ethylester( ukazala, Ze S-TMA poskytuje
pouze jeden pik, ale S-BMA piky dva. Je evidentni, Ze druhy produkt S-TMA vznikda béhem reakce
s chlormravencanem, kdezto druhy produkt S-BMA v GC-MS systému patrné rozkladem v injektoru.
K uréeni struktury byly pouZity ethyl chlormravenéany (Ds-ECF a 13C,-ECF) znadené stabilnimi izotopy a
zmérena jejich El i PICI spektra. S-PMA, S-TMA a S-FSPMA kromé predpokladaného ethylesteru tvofi
vsouladu s literaturou [116] také thiokarbonaty. Proces vzniku pfislusnych produktl s S-TMA
znazornuje Obr. 17.

Pro prvni eluovany produkt S-BMA byla pro navrzena struktura benzylmerkaptanu a potvrzena
porovnanim s komerc¢né dostupnym standardem benzylmerkaptanu. Reakéni schéma S-BMA s ECF je

uvedeno na Obr. 18.
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Obrazek 17: Schéma reakce S-p-tolylmerkapturové kyseliny s ECF.
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Obrazek 18: Schéma reakce S-benzylmerkapturové kyseliny s ECF.

Produkt thiokarbondatu byl vyuZit pro stanoveni S-PMA a S-TMA, protoze jeho pik méné
chvostuje neZ ethylester. Ethylester byl naopak vhodnéjsi analyt pro stanoveni v pfipadé S-BMA. Jako
vnitfni standard byl vyuzit pik thiokarbonatu FSPMA pro S-PMA a S-TMA a ethylesteru S-FSPMA pro S-
BMA.

Jediny produkt s ECF neznamé struktury poskytovala AMCC. Derivatizace s izotopicky
znacenymi ECF naznacila, Ze béhem reakce vznika sirovodik, ktery reaguje s ECF. Ptiprava sirovodiku
v Kippové pfistroji a jeho ndsledna reakce s ECF potvrdila totoZnost derivatu H,S a produktu AMCC.
Schéma reakce AMCC s H,S je zndzornéno na Obr. 19.

Produkt sirovodiku vznikajici po derivatizaci AMCC s ECF se bohuZel ukazala jako malo stabilni,

tudiz ho nebylo mozZno vyuzit ke kvantitativnimu stanoveni.
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Obrazek 19: Schéma reakce kyseliny S-(N-methylkarbamoyl)merkapturové s ECF.

3.3.3.4 LC-HRMS analyza

K potvrzeni struktury bylo zméreno elementarni slozeni zkoumanych metabolitd biomarkert

expozice technikou LC-HRMS po derivatizaci s ECF a 3C,-ECF. t,t-MA, TTCA, HA, smés izomerd MHA, S-

PMA, S-TMA a S-BMA byly detekovany a méreni potvrdilo dale spravnost navrzenych struktur. Vysledky

téchto méreni jsou shrnuty v Tabulce 10.
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Tabulka 10: Pfehled derivatli zkoumanych biomarker( technikou LC-HRMS pro detekované derivéty po reakci s ECF a *C,-ECF.

Pfirodni B¢, Pfirodni B¢, Pfirodni B¢,

Metabolit [::;1] m/z Teor m/zTeor Molekulovy Molekulovy m/z Exp A ppm N m/z Exp A ppm
(Da) (Da) vzorec Ethyl vzorec Ethyl (Da) pravidlo (Da) pravidlo
Kyselina t,t-mukonova 7,51 199,0965 203,1099 CiHisOs  Ce[13]CsHisOs 199,0966 0,525  ANO  203,1100 0,273  ANO
Kyselina mandlova 7,97 253,1071 257,1205 CiHi0s  Go[13]CsHis0s  253,1071 0,039  ANO  257,1205 0,042  ANO
EZ:EE:;;’/;MOWiazo'idi”'4' 5,74 264,0359 268,0493 CoHuNO.S; Cs[13]CiH1OsNS, 264,0358 -0,136  ANO  268,0493 0,019  ANO
Kyselina hippurova 4,71 208,0968 210,1035 CuHuNOs  Co[13]C:H1OsN  208,0968 -0,095  ANO  210,1036 0,146  ANO
Kyselina o-methylhippurova 5,06 222,1125 224,1192 CpHiNOs  Cio[13]GHi0sN  222,1125 0,001  ANO  224,1193 0,359  ANO
Kyselina m-methylhippurova 570 222,1125 224,1192 CiHigNOs  Ciol13]C:Hi0sN  222,1125 0,226 ANO ANO
Kyselina p-methylhippurova 566 222,1125 224,1192 CiHigNOs  Ciol13]CoHi0sN  222,1125 0271  ANO ANO
Kyselina S-fenylmerkapturova (1) 8,52 183,0474 1850541 CoH110,S  C;[13]GHuO.S 183,0476 1,11 ANO 1850543 0,614  ANO
Kyselina S-fenylmerkapturova (2) 6,78 268,1002 270,1069 CisHisNOsS Cu[13]C;H1s0sNS 268,1001 -0,413  ANO  270,1068 -0,445  ANO
Kyselina S-p-tolylmerkapturova(1) 9,36 197,0631 199,0698 CioH1:0,S  Cs[13]C:H1:0.S 197,0633 1,081  ANO  199,0699 0,57  ANO
Kyselina S-p-tolylmerkapturovd (2) 7,67 282,1158 284,1226 CiHzoNOsS Cis[13]C:Hx00sNS 282,1157 -0,463  ANO  284,1224 -0,599  ANO
Kyselina S-benzylmerkapturovd 7,16 282,1158 284,1226 CiH2NOsS Cio[13]C:Hx00sNS 282,1157 -0,605  ANO  284,1224 -0,67  ANO
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3.3.3.5 Kvantitativni stanoveni biomarkerti expozice v moéi a validace nové metody

Vypracovand metoda byla validovana pro zkoumané biomarkery uvedené v tabulce 9, kde jsou
uvedeny i pouZité vnitfni standardy pro kazdou skupinu. GC-MS analyza byla provadéna v rezimu SIM,
retencni data a prislusné diagnostické ionty jsou uvedeny v tabulce 11.

Byla ziskana kalibracni zavislost, mez detekce (LOD) a mez stanovitelnosti (LOQ). VSechny
validované parametry dosahly uspokojivych hodnot, kromé LOQ pro S-PMA (0,07 mg/l), ktera obvykle
vyzaduje méreni s biologickym limitem > 0,05 mg/|. VSechny validované parametry jsou shrnuty v Tab.
12. Preciznost byla v rozmezi 0,2 — 14,9 %, presnost mezi 80 — 120 % a vytéZnost mezi 91 — 108 %.

Vsechny derivaty pouZité ke stanoveni v moci vykazovaly také uspokojivou stabilitu (+ 8 %).

Tabulka 11: Pfehled biomarker( stanovovanych v moci vypracovanou GC-MS metodou

RT Diagnostické m/z ionty?
(min) Analyt MM® m/z (100 %) m/z! m/z?
4.28  Kyselina methoxyoctova 118 45 88 42
4.84  Kyselina ethoxyoctova 132 59 88 43
6.55  Kyselina butoxyoctova 160 57 41 88
6.69  Kyselina furan-2-karboxylova 140 95 112 96
7.07  Kyselina S-benzylmerkapturova (1) 180 91 124 90
7.91  Kyselina pentaflurfenoxyoctova (1S 270 270 167 184
g7 Kyselina S-(N- . 178 78 106 45
methylkarbamoyl)merkapturova
9.14  Kyselina 2-fenylmaselna (IS) 192 91 119 118
9.48  Kyselina adipova-1,6-13C; (IS) 204 113 159 129
9.64  Kyselina S-p-fluorfenylmerkapturova (1) (IS) 200 128 127 83
9.96 Kyselina fenylglyoxylova 178 105 77 51
10.01 Kyselina S-fenylmerkapturova (1) 182 110 109 182
10.20 Kyselina t,t-mukonova 198 97 153 125
10.38 Kyselina D-azetidin 2-karboxylova (IS) 201 128 56 127
10.77 Kyselina S-p-tolylmerkapturova (1) 196 91 124 196
11.82  Kyselina mandlova 252 107 79 206
12.39 Kyselina hippurova 207 105 77 134
12.49 Kyselina o-methylhippurova 221 118 119 91
12.71  Kyselina m-methylhippurova 221 119 91 221
12.76  Kyselina p-methylhippurova 221 119 91 221
13.04 Kyselina S-p-fluorfenylmerkapturova (2) (IS) 285 226 43 285
13.20 Kyselina 2-thiothiazolidin-4-karboxylova 263 263 118 117
13.23  Kyselina S-fenylmerkapturova (2) 267 208 135 43
13.46  Kyselina S-p-tolylmerkapturova (2) 281 222 149 43
13.59 Kyselina S-benzylmerkapturova (2) 281 91 222 43

MM = nominalni molekulova hmotnost derivatu

® Diagnostické m/z ionty vhodné pro identifikace derivatu, m/z (100 %) je iont s nejvys$si intenzitou ve
spektru, m/z! a m/z? dva nésledujici.

€IS = vnitini standard
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Tabulka 12: Valida¢ni parametry GC-MS metody pro stanoveni zkoumanych biomarker( v moci

Rozsah Biol.
Metabolit 2 (:127” (::;C/ll) kvantifikace  Regresni rovnice limit
(mg/1) (mg/1)
Kyselina methoxyoctova 0.9999 0.02 0.07 0.29 - 288 0.2661x + 0.1581 1
Kyselina ethoxyoctova 0.9998 0.07 0.22 0.33-333 0.2123x +0.0312 50
Kyselina butoxyoctova 0.9988 0.01 0.05 0.42-422 0.2430x + 0.1013 150
Kyselina furan-2-karboxylova 0.9998 0.01 0.04 0,15 - 605 0.0508x - 0.0032 200
Kyselina fenylglyoxylova 0.9985 0.03 0.11 0.15 - 600 0.0748x - 0.0029  400*
Kyselina S-fenylmerkapturova (1) 0.9998 0.02 0.07 0.48-19.1 1.7656x +2,2128 0.025
Kyselina t,t-mukonova 0.9984 0.01 0.04 0.19-7.55 0.4293x + 0.3821 0.5
Kyselina S-p 't‘?li’)'merkapt”m"a 09991 005 0.16 0.51-2024 1.1551x-0.1521 -
Kyselina mandlova 1 0.01 0.02 0.27 -1094 0.3446x + 0,0602 400*
Kyselina o-methylhippurova 0.9935 0.01 0.03 0.34-1351 0.5118x - 0,1229 2000**
Kyselina m-methylhippurova 0,9944 0.004 0.01 0.34-1351 0.3581x + 0,0980 2000**
Kyselina p-methylhippurova 0,999 0.04 0.14 0.34-1351 0.5107x - 0,0165 2000**
Kyselina 2-thiothiazolidin-4- 4905 658 025  052-52.16  0.0057x+0.0035 05
karboxylova
Kyselina S-benzylmerkapturova
0.9939 0.08 0.26 0.05-20.24 0.7765x - 0.2201 -

(2)

* = suma kyselin fenylglyoxylové a mandlové, ** = suma kyselina methylhippurovych
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Celkovy obrazek GC-MS analyzy biomarker( prdmyslovych Skodlivin pfidanych spolecné
s vnitfnimi standardy do vzorku modi zdravého dobrovolnika po jeho pfipravé vypracovanym

postupem zndzornuje obrazek 20.
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Obrazek 20: TIC GC-EI-MS chromatogram vzorku moci s pridanymi standardy metabolit(i xenobiotik
(nejvyssi testovana kalibracni hladina, viz. tabulka 12) po derivatizaci s ECF. Chromatografické
podminky viz sekce 3.3.2.4, 1 —kyselina methoxyoctov4, 2 — kyselina ethoxyoctovad, 3 —kyselina
butoxyoctova, 4 — kyselina furan-2-karboxylova, 5 —kyselina S-benzylmerkapturova (1), 6 — kyselina
pentafluorofenoxyoctovad, 7 — kyselina S-(N-methylkarbamoyl)merkapturova, 8 — kyselina 2-
fenylmaselnd, 9 — kyselina adipova-1,6-13C,, 10 — kyselina S-p-fluorofenylmerkapturova (1), 11 -
kyselina fenylglyoxylova, 12 — kyselina S-fenylmerkapturova (1), 13 — kyselina t,t-mukonova, 14 —
kyselina D-azetidin 2-karboxylova, 15 —kyselina S-p-tolylmerkapturova (1),16 — kyselina mandlova, 17
—kyselina hippurovad, 18 — kyselina o-methylhippurova, 19 — kyselina m-methylhippurova, 20 —
kyselina p-methylhippurova, 21 — kyselina S-p-fluorofenylmerkapturova (2), 22 — kyselina 2-
thiothiazolidin-4-karboxylova, 23 — kyselina S-fenylmerkapturova (2), 24 — kyselina S-p-
tolylmerkapturova (2), 25 — kyselina S-benzylmerkapturova (2).
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3.3.3.6 Analyza referencniho materialu a vzorkii moci po expozici ethoxyethanolem

Validovana GC-MS metoda byla ovéfena na stanoveni zndmého mnozstvi kyselin v moci u dvou
typU referencnich material(. Prvni referencni vzorek (IP 45) obsahoval znamé mnozZstvi kyselin MAA,
EAA, BAA, PGA, t,t-MA, o-, m- a p-MHA a druhy (RM 6009) obsahoval zndmou koncentraci PGA a MA.

Jak je patrné z Tab. 13, namérené hodnoty byly v dobré shodé s hodnotami referen¢nimi.

Tabulka 13: Porovnani vysledkl stanoveni koncentrace vybranych metabolitl xenobiotik
v referenénich materidlech RM6009 a IP45.

Referencni Referencni Mérend hodnota
Analyt material hodnota (mg/l) (n=5) (mg/l)
Kyselina methoxyoctova IP45 14.86 18.02+1.44
Kyselina ethoxyoctova IP45 66.3 72.97+2.68
Kyselina butoxyoctova IP45 90.8 87.00£0.65
. i IP45 270.5 304.4619.66
Kyselina fenylglyoxylova
RM6009 220+19.1 229+11.2
Kyselina t,t-mukonova P45 1.82 1.97+0.21
Kyselina mandlova RM6009 326+11.4 311+8.9
Kyseliny methylhippurové IP45 427.7 436.0515.25

Nova metoda byla dale vyuZita k analyze vzork( moci zdravého dobrovolnika, ktery byl
vystaven po dobu 4 hodin expozici ethoxyethanolu a vjehoz moci byl sledovan vyskyt tohoto
biomarkeru — EAA v zavislosti na Case. Metoda byla porovndna s klasickou silylaéni derivatizacni
metodou stanoveni EAA [114]. Nalezené koncentrace EAA v moci pro obé metody jsou uvedeny v Tab.

14
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Tabulka 14: Porovnani vysledkl stanoveni EAA dvéma metodami derivatizace v moci exponované

ethoxyethanolem.

ECF MTBSTFA
¢as (hod) — —
c (mg EAA/g kreatininu) smdoch ¢ (mg EAA/g kreatininu) smdoch

0 0.05 0.00 0.00 0.00
4 5.25 0.19 5.44 0.24

8 13.58 141 13.42 1.11
12 15.04 1.19 16.66 0.98
21 13.80 0.07 12.81 0.23
24 12.66 0.74 12.08 0.56
36 9.75 0.60 11.78 1.03
45 6.98 0.07 8.43 0.22
48 7.31 0.04 7.77 0.59
60 5.59 0.29 7.61 0.42
69 4.88 0.23 6.29 0.32
72 4.04 0.10 4.83 0.08
96 3.28 0.30 4.07 0.24
120 2.16 0.19 3.69 0.03
144 1.19 0.02 2.18 0.63
168 0.23 0.01 2.18 0.01
192 0.41 0.04 1.01 0.01

Grafy na Obr. 21 a 22 ukazuji ¢asovou zavislost expozice biomarkeru EAA vylucovaného ve

sbirané moci. Koncentrace EAA v moci nejprve nartstala a po dosazeni maxima, cca po 8 hodinach

zacala klesat. Z vysledk(l je patrné, Ze EAA je v moci detekovatelnd jesté 188 hodin po ukonceni

expozice. Ukazalo se, Ze nova derivatizace s ECF poskytuje vysledky velice podobné tém, ziskanym

postupem pfripravy vzorku pracnéjsi a zdlouhavéjsi klasickou silylaci MTBSTFA, pficemZ novd metoda

probiha v jednom kroku a umoznuje stanovit souc¢asné az 16 biomarkerd v modi.
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Obrazek 21: Graf zavislosti koncentrace EAA v moci po expozici ethoxyethanolem na ¢ase. V ase t =

0 zacal ¢as ¢tyfhodinové expozice ethoxyethanolem. Vzorky moci byly derivatizovany ECF (n = 3).
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Obrazek 22: Graf zavislosti koncentrace EAA v moci po expozici ethoxyethanolem na Case. V ase t =

0 zacal cas ¢tyrhodinové expozice ethoxyethanolem. Vzorky moci byly derivatizovany MTBSTFA (n =

3).
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4 Zavér

Byly vypracovany tfi nové metody pro GC-MS stanoveni protickych metabolitl v biotekutinach
(lidska mo¢, lidské sérum a plodova voda) zaloZzenych na in situ derivatizaci s alkylchlormravencéany a
jejich fluorovanymi analogy.

Prvni zmetod (kap. 3.1.) [1] popisuje novou, efektivni derivatizaci sekundarni alicyklické
hydroxylové skupiny ve sterolech a steroidech. Jako modelova sloucenina pro vyvoj metody byl pouzit
cholesterol a byly provéreny rizné alkylované chlormravencany i jejich fluorované analogy pro reakci
ve vodném i v bezvodém prostredi. Ke stoprocentni pfeméné hydroxylové skupiny na ocekavany
karbonat dochazelo pfi pouziti Cinidel TFECF a HFBCF v bezvodém prostredi. Acylacni reakce byla
kombinovana s mikroextrakci kapalina-kapalina mezi isooktanovou a acetonitrilovou fazi. Vyvinuta
metoda byla Uspésné testovana pro GC-MS analyzu 12 modelovych steroll a steroidl a 4 tokoferold.
Kazdy z analytl poskytoval jeden pik s vybornymi separac¢nimi vlastnostmi a dobfe definovana El
spektra obsahujici diagnostické ionty vhodné pro kvantitativni analyzu. Po téchto experimentech byla
metoda validovana pro stanoveni 6 diagnostickych steroll a 4 tokoferol( v lidském séru a plodové
vodé a aplikovana pro stanoveni sterol( a tokoferol( v redlnych vzorcich séra a plodové vody.
Obdrzené vysledky dobre korelovaly s vysledky popsanymi ve dfivéjsich studiich [68 — 72]. Metoda
derivatizace byla také pouZita pro stanoveni steroll a tokoferold u hmyzu — ruménice pospolné
(Pyrrhocoris apterus). [2]

Ve druhé studii (kap. 3.2.) [3] byla vyvinuta, popsana a validovana GC-MS metoda zaloZzena na
derivatizaci protickych skupin pomoci HFBCF a soucasné mikroextrakci kapalina-kapalina, diky nizZ je
mozno stanovit profil 132 metabolit( v lidské moci. Vzorek moci (25 ul) byl podroben derivatizaci a
nasledné analyze technikou GC-MS. Bylo celkem sledovano 153 klinicky vyznamnych mocovych
metabolitl (56 aminokyselin a jejich konjugat(l, 84 organickych kyselin, 9 biogennich amin( a 4 dalsi
polarni analyty). 120 metabolitl poskytovalo (78 %) jeden produkt, 25 (16 %) produkty dva a kyselina
2-methylcitronova a kyselina citronova produktl vice. Ze zkoumaného souboru 5 metabolit( nebylo
mozno detekovat a 3 metabolity byly vhodné pouze pro LC-MS analyzu. Po validaci na GC-MS byla
metoda aplikovana na redlné vzorky lidské moci a na moc¢ obsahujici certifikované mnozstvi vybranych
metabolitd. Vysledky ukazaly, Ze vypracovana metoda je vhodna pro cilenou metabolomickou analyzu
lidské moci.

Treti studie (kap. 3.3.) se zabyvala vyzkumem rychlé a jednoduché metody pro stanoveni
xenometabolitl v lidské modi. Jednalo se o metabolity benzenu, toluenu, xylenl, styrenu,
alkoxyalkohol(, sirovodiku, furalu a N,N-dimethylformamidu. Metabolity byly derivatizovany ECF in
situ a ziskany extrakt pfimo podroben GC-MS analyze. Vétsina analytll poskytovala jeden

predpokladany produkt, jen ve skupiné hippurovych a merkapturovych kyselin byl soucasné pozorovan
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dalsi produkt, jejichZ struktura byla objasnéna pomoci LC-HRMS a izotopicky zna¢enym ECF. Vyvinuta
metoda byla validovéna pro 14 béznych biomarker( expozice a Uspésné otestovana na certifikovaném
referenénim materidlu, porovndna se zavedenou silylaéni metodou [114] a bylo dokazano, Ze je

pouzitelnd pro stanoveni uvedenych metabolitl v laboratorni praxi.
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5 Seznam zkratek

ACGIH — American Conference of Governmental Industrial Hygienists
AdA-1,6-13C,—kyselina adipova-1,6-13C,

AMCC - kyselina S-(N-methylkarbamoyl)merkapturova
BAA — kyselina butoxyoctova

BAT — Biologische Arbeitsstoff-Toleranz-Werte

BEI — Biological exposure indices

BSTFA — bis-(trimethylsilyl) trifluoroacetamidu

CE — kapilarni elektroforéza

Cl — chemicka ionizace

CoA — koenzym A

DCC - N,N’-dicyklohexylkarobodiimid

DFG — Germany Deutsche Forschungsgemeinschaft

EAA — kyselina ethoxyoctova

ECF — ethylchlormravencan

El — elektronova ionizace

EOC — ethoxykarbonat

FCA — kyselina furan-2-karboxylova

FCF — fluoralkylchlormravencany

GC — plynova chromatografie

GC-FID — plynova chromatografie s plamenové ionizacnim detektorem
GC-MS — plynova chromatografie s hmotnostni detekci
GSH — glutathion

HA — kyselina hippurova

HCF — n-hexylchlormravencan

HFBCF - 2,2,3,3,4,4,4-heptafluorobutylchlormravencan
HFBOC — heptafluorobutoxykarbonat

HFBOH — heptafluorbutanol

HMDB — Human Metabolome Data Base

HOC — hexyloxykarbonat

HPLC — vysokoucinna kapalinovd chromatografie
HPLC-MS/MS— vysokoucinna kapalinovy chromatografie s tandemovou spektrometrii
HPLC-UV — vysokoucinna kapalinovy chromatografie s ultrafialovou detekci
Chol — cholesterol

I.S. = vnit¥ni standard

iBCF — isobutylchlormravencan

iBOC — isobutoxykarbonat

LC-MS - kapalinova chromatografie s hmotnostni detekci
LLME — liquid-liquid mikroextrakce

LLOQ — lower limit of quantification, nizky limit stanoveni
LOD — mez detekce

LOQ — mez stanoveni

MA — kyselina mandlova

MAA — kyselina methoxyoctova
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MCF — methylchlormravencan

MM — monoisotopicka hmotnost

m-MHA —kyselina m-methylhippurova

MOC — methoxykarbonat

MS — hmotnostni spektrometrie

MTBSTFA — N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamid
n.d. — nedetekovdno

NICI — negativni chemicka ionizace

NMR — nuklearni magneticka rezonance
o0-MHA- kyselina o-methylhippurova

PA — peak area, plocha piku

PCPCF - 2,2,3,3,3-pentafluoropropylchlormravencan
PFPAA — kyselina pentafluorfenoxyoctova

PGA — kyselina fenylglyoxylova

PICI — pozitivni chemicka ionizace

p-MHA —kyselinap-methylhippurova

PTV — programovatelny nastfik u GC

RCF — alkylchlormravencany

ROC — alkyloxykarbonaty

RP —reverzni faze

RSD - relativni smérodatnd odchylka

RT — retencni ¢as

S/N - pomér signal k Sumu

S-BMA-kyselina S-benzylmerkapturova
S-FPMA — kyselina S-p-fluorfenylmerkapturova
SIM — selected ion monitoring

SPE — solid phase extraction

S-PMA — kyselina S-fenylmerkapturova
S-TMA—kyselina S-p-tolylmerkapturova

t,t-MA — kyselina t,t - mukonova

TBDMS — tert-butyldimethylsilyl

TFECF — 2,2,2-trifuoroethlychlormravencan
TFEOC — trifluoroethoxykarbonat

THP — tris-(3-hydroxypropyl) fosfinu

TIC — total ion current

TMCS — trimethylchlorsilan

TMS — trimethylsilyl

TMSI - 1-(trimethylsilyl) imidazol

TTCA —kyselina 2-thiothiazolidin-4-karboxylova
UV — ultrafialovy
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7 Prilohy

Obr. S.1: Struktury vySetfovanych sterold, steroidd a tokoferol(.
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Obr. S.2: El spektra zkoumanych sterold, steroidd a tokoferol(i po derivatizaci s TFECF.

Cholesterol-TFEOC, MM=512.3477
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Obr. S.2 (pokracovani): El spektra zkoumanych sterold, steroidG a tokoferol po derivatizaci s TFECF.
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Obr. S.2 (pokracovani):El spektra zkoumanych sterol(, steroid(l a tokoferoll po derivatizaci s TFECF.
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Obr. S.3: PICI spektra TFEOC derivatu cholesterolu, horni obrazek = ionizacni plyn isobutan, dolni

obrazek = ionizacni plyn amoniak.

100 isobutan

~
i

Relative Abundance
(4]
o

N oW
Cl)C)

-
(=]

Wi
100 150 200 250

amoniak

Relative Abundance
()]
o

30_71

20~
10 119 7150 213 255

0 b bt b v etttk
100 150 200 250

1t|17 213 255

369

Y
600
369

368

[M+NH,]

386
530
512

.‘ i \ R i ] ‘i"| i i T 1 it i [
300 350 400 450 500
m/z

353

L il |
550 600

86



Tab. S.1: Preciznost, pfesnost a vytéZznost stanovovanych sterol( a tokoferoll ve vzorcich kontrolniho
lidského séra po validaci metody.

At Kor:}(izgitrrlz éni N Preciznost (%) N P Fesnost (%) Vytéznost
(ug/ml) within-run  between-run  within-run  between-run (%)
30 2,6 3,2 98 93 92
o-Tokoferol 3 52 4,6 104 112 90
0,15 1,2 59 91 86 104
30 2,6 52 96 98 105
B-Tokoferol 3 3,8 2,5 98 96 108
0,15 4,1 3,6 103 111 96
30 1,2 52 91 89 105
y-Tokoferol 3 51 51 96 85 99
0,15 1,9 4,9 82 86 102
30 5,0 4,3 102 85 110
a-Tokoferol 3 14,7 0,2 94 86 96
0,15 13,7 5,2 85 82 92
10 11,0 11,1 115 83 94
Dihydrocholesterol 1 15,1 3,7 89 83 98
0,05 19,5 6,6 86 89 97
10 12,9 13,1 110 105 85
Desmosterol 1 14,2 10,8 104 109 86
0,05 18,9 19,5 111 113 90
10 53 12,1 95 86 96
Lathosterol 1 11,6 15,9 85 88 92
0,05 2,2 7,5 86 91 91
10 3,7 11,2 98 105 101
Kampesterol 1 0,9 5,8 86 98 108
0,05 11,1 11,0 83 86 98
10 8,5 9,0 920 85 99
Stigmasterol 1 3,6 4,8 85 90 101
0,05 9,3 9,6 82 82 109
10 5,6 7,6 99 108 110
B-Sitosterol 1 4,6 12,6 98 87 98
0,05 13,6 19,0 85 84 95
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Tab. S.2: Navrhované struktury pro pozorované reakéni produkty mocovych metabolitll po reakci s

HFBCF.

Cislo 1

K. pyrohroznova

HMDB ID: HMDB00243
Molekulovy vzorec: C7TH5F703
Monoisotopickd hmotnost =
270,012691 Da

T

M——T

Cislo 2

K. Sfavelova

HMDB ID: HMDB02329
Molekulovy vzorec: C10H4F1404
Monoisotopickd hmotnost =
453,988603 Da

Cislo 3

K. 2-ketoisovalerova

HMDB ID: HMDB00019
Molekulovy vzorec: CO9HO9F703
Monoisotopickd hmotnost =
298,043992 Da

Cislo 4a

K. 3-hydroxyisovalerova-1 (OH)
HMDB ID: HMDBO00754
Molekulovy vzorec: C9H11F703
Monoisotopickd hmotnost =
300,059642 Da

Cislo 4b

K. 3-hydroxyisovalerova-2

(OR, 65 %)

Molekulovy vzorec: C14H12F1405
Monoisotopickd hmotnost =
526,046118 Da

Cislo 5

K. 2-keto-3-methylvalerova
HMDB ID: HMDB00491
Molekulovy vzorec: C10H11F703
Monoisotopicka hmotnost =
312,059642 Da
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Cislo 6

K. 4-methyl-2-oxovalerova
HMDB ID: HMDB00695
Molekulovy vzorec: C10H11F703
Monoisotopick&d hmotnost =
312,059642 Da

Cislo 7

K. malonova

HMDB ID: HMDB00691
Molekulovy vzorec: C11H6F1404
Monoisotopick&d hmotnost =
468,004253 Da

0] (0]
F F CiSIO 8
K. methylmalonova
CHs HMDB ID: HMDB00202
o o Molekulovy vzorec: C12H8F1404
Monoisotopick&d hmotnost =
F ol F 482,019904 Da

Cislo 9a

K. 3-hydroxyvalerova-1 (OH)
HMDB ID: HMDB00531
Molekulovy vzorec: C9H11F703
Monoisotopickd hmotnost =
300,059642 Da

M

Cislo 9b

K. 3-hydroxyvalerova-2 (OR, 65 %)
Molekulovy vzorec: C14H12F1405
Monoisotopick&d hmotnost =
526,046118 Da

Cislo 10

K. 2-propylvalerova

HMDB ID: HMDB01877
Molekulovy vzorec: C12H17F702
Monoisotopickd hmotnost =
326,111677 Da
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Cislo 11

K. 2-hydroxyisoméaselna

HMDB ID: HMDB00729
Molekulovy vzorec: C13H10F1405
Monoisotopickd hmotnost =
512,030468 Da

Cislo 12

K. ethylmalonova

HMDB ID: HMDB00622
Molekulovy vzorec: C13H10F1404
Monoisotopickd hmotnost = 496,03
Da

Cislo 13

K. mléna

HMDB ID: HMDB00190
Molekulovy vzorec: C12H8F1405
Monoisotopickd hmotnost =
498,014818 Da

Cislo 14

K. glykolova

HMDB ID: HMDB00115
Molekulovy vzorec: C11H6F1405
Monoisotopickd hmotnost =
483,999168 Da

Cislo 15

K. fumarova

HMDB ID: HMDB00134
Molekulovy vzorec: C12H6F1404
Monoisotopick&d hmotnost =
480,004253 Da
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Cislo 16

K. citrakonova

HMDB ID: HMDB00634
Molekulovy vzorec: C13H8F1404
Monoisotopick&d hmotnost =
494,019904 Da

Cislo 17

K. jantarova

HMDB ID: HMDB00254
Molekulovy vzorec: C12H8F1404
Monoisotopickd hmotnost =
482,019904 Da

T
M——T
M——mT

Cislo 18

K. methyljantarova

HMDB ID: HMDB01844
Molekulovy vzorec: C13H10F1404
Monoisotopick&d hmotnost =
496,035554 Da

T

m——

Cislo 19

K. 2-hydroxymaselna

HMDB ID: HMDBO00008
Molekulovy vzorec: C13H10F1405
Monoisotopick&d hmotnost =
512,030468 Da

Cislo 20

K. benzoova

HMDB ID: HMDB01870
Molekulovy vzorec: C11H7F702
Monoisotopickd hmotnost =
304,033427 Da

Cislo 21a

K. citramalova-1 (lakton)
HMDB ID: HMDB00426
Molekulovy vzorec: CO9H7F704
Monoisotopickd hmotnost =
312,023256 Da
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Cislo 21b

K. citramalova-2 (OR, 30 %)
HMDB ID: HMDB00426
Molekulovy vzorec: C18H11F2107
Monoisotopick&d hmotnost =
738,016945 Da

Cislo 22

K. 2-hydroxyisovalerova

HMDB ID: HMDB00407
Molekulovy vzorec: C14H12F1405
Monoisotopickd hmotnost =
526,046118 Da

T

M——

M——m

Cislo 23

Tiglylglycin

HMDB ID: HMDB00959
Molekulovy vzorec: C11H12F7NO3
Monoisotopickd hmotnost =
339,070541 Da

T

Cislo 24a

K. 3-hydroxymaselna-2 (OR)
HMDB ID: HMDBO00357
Molekulovy vzorec: C13H10F1405
Monoisotopick&d hmotnost =
512,030468 Da

Cislo 24b

K. 3-hydroxymaselna-1 (OH, 65 %)
Molekulovy vzorec: C8BHIF703
Monoisotopickd hmotnost =
286,043992 Da
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Cislo 25

Sarkosin

HMDB ID: HMDB00271
Molekulovy vzorec: C12H9F14NO4
Monoisotopick&d hmotnost =
497,030803 Da

Cislo 26

K. 2-hydroxyvalerova

HMDB ID: HMDB01863
Molekulovy vzorec: C14H12F1405
Monoisotopick&d hmotnost =
526,046118 Da

(0]
CH

Cislo 27

K. 2-aminoisomaselna

HMDB ID: HMDB01906
Molekulovy vzorec: C14H13F14NO
Monoisotopick&d hmotnost =

- 511,046453 Da

Cislo 28
o) / K. nikotinova
o HMDB ID: HMDB01488
Molekulovy vzorec: CLO0H6F7NO2
/ \ Monoisotopick&d hmotnost =
305,028676 Da
—N
F F F
F | | | ') Cislo 29
| | | \ Alanin
F F F O_/< CHs HMDB ID: HMDB00161

Molekulovy vzorec: C12H9F14NO4
Monoisotopick&d hmotnost =
497,030803 Da

Cislo 30

K. glutarova

HMDB ID: HMDB00661
Molekulovy vzorec: C13H10F1404
Monoisotopick&d hmotnost =
496,035554 Da
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Cislo 31

K, fenyloctova

HMDB ID: HMDB00209
Molekulovy vzorec: C12H9F702
Monoisotopick&d hmotnost =
318,049077 Da

Cislo 32

K. 2-hydroxyisokapronova

HMDB ID: HMDB00665
Molekulovy vzorec: C15H14F1405
Monoisotopick&d hmotnost =
540,061768 Da

Cislo 33

K. 3-methylglutarova

HMDB ID: HMDB00752
Molekulovy vzorec: C14H12F1404
Monoisotopick&d hmotnost =
510,051204 Da

Cislo 34

K. 2-hydroxy-3-methylvalerova
HMDB ID: HMDB00819
Molekulovy vzorec: C15H14F1405
Monoisotopickd hmotnost =
540,061768 Da

Cislo 35

Glycin

HMDB ID: HMDB00123
Molekulovy vzorec: C11H7F14NO4

o = Monoisotopickd hmotnost =
\ 483,015153 Da
O
F
F F F F Cislo 36
N o o K. 2-aminoméselna
i | | | / HMDB ID: HMDB00452
F F F —< O F Molekulovy vzorec: C13H11F14NO
NH Monoisotopicka hmotnost =
511,046453 Da
CH,
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Cislo 37a
N-Acetylglycin-2

HMDB ID: HMDB00532
Molekulovy vzorec: C13H9F14NO5
Monoisotopickd hmotnost =
525,025717 Da

Cislo 37b

N-Acetylglycin-1(NR, 65%)
Molekulovy vzorec: C8H8F7NO3
Monoisotopickd hmotnost =
299,039241 Da

Cislo 38

K. 4-hydroxymaselna

HMDB ID: HMDB00710
Molekulovy vzorec: C13H10F1405
Monoisotopickd hmotnost =
512,030468 Da

Cislo 39a

Hexanoylglycin-1 (cyklicky)
Molekulovy vzorec: C8H13NO2
Monoisotopickd hmotnost =
155,094629 Da

T

M——

M——

Cislo 39b

Hexanoylglycin-2 (65 %)

HMDB ID: HMDB00701
Molekulovy vzorec: C12H16F7NO3
Monoisotopickd hmotnost =
355,101841 Da
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Cislo 40

Valin

HMDB ID: HMDB00883
Molekulovy vzorec: C14H13F14NO
Monoisotopickd hmotnost =
525,062103 Da

Cislo 41

K. 3-hydroxy-3-methylglutarova
HMDB ID: HMDB00355
Molekulovy vzorec: C19H13F2107
Monoisotopickd hmotnost =
752,032595 Da

Cislo 42a

K. 2-ketoglutarova-1 (2E, 80 %)
HMDB ID: HMDB00208
Molekulovy vzorec: C13H8F1405
Monoisotopick&d hmotnost =
510,014818 Da

Cislo 42b

K. 2-ketoglutarova-2 (22)

HMDB ID: HMDB00208
Molekulovy vzorec: C13H8F1405
Monoisotopickd hmotnost =
510,014818 Da
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Cislo 43

K. 2-fenylmaselna — I.S.
Molekulovy vzorec: C14H13F702
Monoisotopick&d hmotnost =
346,080377 Da

Cislo 44

3-Alanin

HMDB ID: HMDB00056
Molekulovy vzorec: C12H9F14NO4
Monoisotopick&d hmotnost =
497,030803 Da

Cislo 45

K. adipova

HMDB ID: HMDB00448
Molekulovy vzorec: C14H12F1404
Monoisotopick&d hmotnost =
510,051204 Da

M

TM—t—1
TM—t—T

Cislo 46

K. 3-aminoisomaselna

HMDB ID: HMDB03911
Molekulovy vzorec: C13H11F14NO
Monoisotopick&d hmotnost =
511,046453 Da

Cislo 47

K. 3-methyladipova

HMDB ID: HMDBO00555
Molekulovy vzorec: C15H14F1404
Monoisotopick&d hmotnost =
524,066854 Da
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Cislo 48

Propionylglycin

HMDB ID: HMDBO00783
Molekulovy vzorec: COH10F7NO3
Monoisotopick&d hmotnost =
313,054891 Da

Cislo 49

Leucin

HMDB ID: HMDB00687
Molekulovy vzorec: C15H15F14NO
Monoisotopickd hmotnost =
539,077753 Da

Cislo 50

Isoleucin

HMDB ID: HMDB00172
Molekulovy vzorec: C15H15F14NO
Monoisotopick&d hmotnost =
539,077753 Da

Cislo 51

K. jabletn&

HMDB ID: HMDB00744
Molekulovy vzorec: C17H9F2107
Monoisotopickd hmotnost =
724,001295 Da
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Cislo 52

K. 3-hydroxypropionova (dimer)
HMDB ID: HMDBO00700
Molekulovy vzorec: C14H12F1405
Monoisotopick&d hmotnost =
526,046118 Da

Cislo 53

K. 5-hydroxyhexanova

HMDB ID: HMDB00525
Molekulovy vzorec: C15H14F1405
Monoisotopick&d hmotnost =
540,061768 Da

Cislo 54

K. trans-aconitova

HMDB ID: HMDB00958
Molekulovy vzorec: C18H9F2106
Monoisotopickd hmotnost =
720,00638 Da

Cislo 55

Prolin

HMDB ID: HMDB00162
Molekulovy vzorec: C14H11F14NO
Monoisotopick&d hmotnost =
523,046453 Da
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M

Cislo 56

K. pimelova

HMDB ID: HMDB00857
Molekulovy vzorec: C15H14F1404
Monoisotopickd hmotnost =
524,066854 Da

Y

Cislo 57a

Threonin-1 (OH)

HMDB ID: HMDB00167
Molekulovy vzorec: C13H11F14NO
Monoisotopick&d hmotnost =
527,041367 Da

F
F——F
F——F
F——F

Cislo 57b

Threonin-2 (OR, 40 %)

HMDB ID: HMDB00167
Molekulovy vzorec: C18H12F21NO
Monoisotopick&d hmotnost =
753,027844 Da

Cislo 58

Glycerol (dihydroxy-propionat)
HMDB ID: HMDB00139
Molekulovy vzorec: C17H9F2108
Monoisotopickd hmotnost =
739,996209 Da

100



Cislo 59
Isovalerylglycin

HMDB ID: HMDBO00678
Molekulovy vzorec: C11H14F7NO3
Monoisotopick&d hmotnost =
341,086191 Da

Cislo 60a

K. citronova-2 (OH)

HMDB ID: HMDB00094
Molekulovy vzorec: C18H11F2107
Monoisotopickd hmotnost =
738,016945 Da

Cislo 60b

K. citronova-3 (OR, 25 %)
Molekulovy vzorec: C23H12F2809
Monoisotopick&d hmotnost =
964,003422 Da
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Cislo 60c

K.cis-akonitova (2 %)

HMDB ID: HMDBO00072
Molekulovy vzorec: C18H9F2106
Monoisotopick&d hmotnost =
720,00638 Da

Cislo 61

K. ftalova

HMDB ID: HMDB02107
Molekulovy vzorec: C16H8F1404
Monoisotopick&d hmotnost =
530,019904 Da

Cislo 62

K. 4-aminomaselna

HMDB ID: HMDB00650
Molekulovy vzorec: C13H11F14NO
Monoisotopickd hmotnost =
511,046453Da

Cislo 63

K. 4-fenylméaselna — I.S.
Molekulovy vzorec: C14H13F702
Monoisotopickd hmotnost =
346,080377Da
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Cislo 64

K. asparagova

HMDB ID: HMDB00191
Molekulovy vzorec: C17H10F21NO
Monoisotopick&d hmotnost =
723,017279 Da

Cislo 65

K. D-2-hydroxyglutarovéa

HMDB ID: HMDBO00606
Molekulovy vzorec: C18H11F2107
Monoisotopick&d hmotnost =
738,016945 Da

Cislo 66

K. N-acetylasparagova
HMDB ID: HMDB00812
Molekulovy vzorec: C14H11F14NO
Monoisotopick&d hmotnost =
539,041367 Da

Cislo 67

K. 3-hydroxyadipova

HMDB ID: HMDB00345
Molekulovy vzorec: C19H13F2107
Monoisotopickd hmotnost =
752,032595 Da
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Cislo 68a

K. 2-methylcitronova (lakton)
HMDB ID: HMDB00379
Molekulovy vzorec: C24H14F2809
Monoisotopickd hmotnost =
552,025383 Da

Cislo 68b

K. 2-methylcitronova (triester, 60 %
HMDB ID: HMDB00379
Molekulovy vzorec: C24H14F2809
Monoisotopick&d hmotnost =
752,032595Da

Cislo 68c

K. 2-methylcitronova

(dehydrat., 20 %)

HMDB ID: HMDB00379
Molekulovy vzorec: C24H14F2809
Monoisotopick&d hmotnost =
734,02203Da

Cislo 68d

K. 2-methylcitronova

(triester + OR, 10 %)

HMDB ID: HMDB00379
Molekulovy vzorec: C24H14F2809
Monoisotopickd hmotnost =
978,019072 Da
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Cislo 69

K. pyroglutamova
HMDB ID: HMDB00267
Molekulovy vzorec: C14H9F14NO5
Monoisotopick&d hmotnost =
537,025717 Da

Mn——

Cislo 70

Asparagin

HMDB ID: HMDB00168
Molekulovy vzorec: C13H8F14N20
Monoisotopickd hmotnost =
522,026052 Da

Cislo 71

S-Methylcystein

HMDB ID: HMDB02108
Molekulovy vzorec:
C13H11F14NO4S
Monoisotopickd hmotnost =
543,018523 Da

Cislo 72

K. suberova

HMDB ID: HMDB00893
Molekulovy vzorec: C16H16F1404
Monoisotopickd hmotnost =
538,082504 Da

m—f—m

M——m

M——mT

Cislo 73

K. salicylova

HMDB ID: HMDB01895
Molekulovy vzorec: C16H8F1405
Monoisotopickd hmotnost =
546,014818 Da
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Cislo 74

K. mandlova

HMDB ID: HMDB00703
Molekulovy vzorec: C17H10F1405
Monoisotopickd hmotnost =
560,030468 Da

Cislo 75
Thioprolin
HMDB ID: -
Molekulovy vzorec: C13H9F14NO4
Monoisotopick&d hmotnost =
541,002873 Da

Cislo 76
Methylkrotonylglycin
HMDB ID: HMDB00459
Molekulovy vzorec: C11H12F7NO3
Monoisotopick&d hmotnost =
339,070541 Da

Cislo 77

Serin

HMDB ID: HMDB00187
Molekulovy vzorec: C17H10F21NO
Monoisotopickd hmotnost = 723,02
Da

Cislo 78a

K. hippurova-1 (cyklick&)
HMDB ID: HMDB00714
Molekulovy vzorec: CO9H7NO2
Monoisotopickd hmotnost =
161,047678 Da
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Cislo 78b

K. hippurova-2 (ester, 60 %)
HMDB ID: HMDB00714
Molekulovy vzorec: C13H10F7NO3
Monoisotopickd hmotnost =
361,054891 Da

Cislo 79a

K. 3-hydroxysebakova-1 (OH)
HMDB ID: HMDB00350
Molekulovy vzorec: C18H20F1405
Monoisotopick&d hmotnost =
582,108719 Da

Cislo 79b
K. 3-hydroxysebakova-2 (OR, 20 %
HMDB ID: HMDB00350
Molekulovy vzorec: C23H21F2107
Monoisotopickd hmotnost =
808,095195 Da
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Cislo 80

K. isocitronova

HMDB ID: HMDB00193
Molekulovy vzorec: C23H12F2809
Monoisotopick&d hmotnost =

o 964,003422 Da

E F
OY\/\/NH\(O
o} e} Cislo 81
-~ N K. 5-aminovalerova
F—l — F HMDB ID: HMDB03355

Molekulovy vzorec: C14H13F14NO
F——F F——F Monoisotopicka hmotnost =
525,062103 Da

Cislo 82

K. 2-hydroxyfenyloctova

HMDB ID: HMDB00669
Molekulovy vzorec: C17H10F1405
Monoisotopickd hmotnost =
560,030468 Da
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Cislo 83

K. glutamova

HMDB ID: HMDB00148
Molekulovy vzorec: C18H12F21NO
Monoisotopickd hmotnost =
737,25745 Da

Cislo 84

K. 3-fenylml&na

HMDB ID: HMDBO00779
Molekulovy vzorec: C18H12F1405
Monoisotopickd hmotnost =
574,046118 Da

Cislo 85

K. antranilova

HMDB ID: HMDB01123
Molekulovy vzorec: C16H9F14NO4
Monoisotopickd hmotnost =
545,030803 Da
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Cislo 86

K. azelaova

HMDB ID: HMDB00784

Q Molekulovy vzorec: C17H18F1404
Monoisotopickd hmotnost =
552,098154 Da

Cislo 87

K. 4-hydroxybenzoova

HMDB ID: HMDBO00500
Molekulovy vzorec: C16H8F1405
Monoisotopickd hmotnost =
546,014818 Da

Cislo 88

Methionin

HMDB ID: HMDB00696
Molekulovy vzorec:
C14H13F14NO4S
Monoisotopickd hmotnost =
F | 557,034173 Da
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Cislo 89a
3-hydroxyprolin-2 (OR)
HMDB ID: HMDB02113
Molekulovy vzorec: C19H12F21NO
Monoisotopick&d hmotnost =
765,027844 Da

Cislo 89b

3-hydroxyprolin-1 (OH, 65 %)
HMDB ID: HMDB02113
Molekulovy vzorec: C14H11F14NO
Monoisotopickd hmotnost =
539,041367 Da

Cislo 90

Cystein

HMDB ID: HMDB00574
Molekulovy vzorec:
C17H10F21NO6S
Monoisotopickd hmotnost =
754,989349 Da

Cislo 91

K. 3-hydroxyfenyloctovéa

HMDB ID: HMDB00440
Molekulovy vzorec: C17H10F1405
Monoisotopick&d hmotnost =
560,030468 Da
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Cislo 92

K. fenylpyrohroznova
HMDB ID: HMDB12225
Molekulovy vzorec: C18H10F7140%
Monoisotopickd hmotnost =
572,030468 Da

Cislo 93

K. 2-aminoadipova
HMDB ID: HMDB00510
Molekulovy vzorec: C19H14F21NOB
Monoisotopickd hmotnost =
F 751,048579 Da

o Cislo 94a
0] Y 4-hydroxyprolin-2
N HMDB ID: HMDB00725
Molekulovy vzorec: C19H12F21NOJ|

Monoisotopick&d hmotnost =
O/( 765,027844 Da
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Cislo 94b

4-hydroxyprolin-1 (OH, 65 %)
HMDB ID: HMDB00725
Molekulovy vzorec: C14H11F14NO
Monoisotopickd hmotnost =
539,041367 Da

Cislo 95

K. sebakova

HMDB ID: HMDB00792
Molekulovy vzorec: C18H20F1404
Monoisotopick&d hmotnost =
566,113804 Da

Cislo 96

K. 4-hydroxyfenyloctovéa

HMDB ID: HMDB00020
Molekulovy vzorec: C17H10F1405
Monoisotopickd hmotnost =
560,030468 Da

Cislo 97

K. 5-aminolevulova
HMDB ID: HMDB01149
Molekulovy vzorec: C14H11F14NOb
Monoisotopickd hmotnost =
539,041367 Da
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Cislo 98

Fenylalanin

HMDB ID: HMDB00159
Molekulovy vzorec: C18H13F14NO
Monoisotopick&d hmotnost =
573,062103 Da

Cislo 99

K. 2-aminopimelova

HMDB ID: HMDB34252
Molekulovy vzorec: C20H16F21NO
Monoisotopickd hmotnost =
765,064229 Da

Cislo 100

Homocystein

HMDB ID: HMDB00742
Molekulovy vzorec: C18H12F21NO
Monoisotopickd hmotnost =
769,004999 Da

T

T— T

m——

Cislo 101

K. diaminomaselna

HMDB ID: HMDB06284
Molekulovy vzorec:
C18H13F21N206
Monoisotopick&d hmotnost =
752,043828 Da
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Cislo 102

K.trans-urokanova

HMDB ID: HMDB00301
Molekulovy vzorec: C15H8F14N20
Monoisotopick&d hmotnost =
546,026052 Da

Cislo 103

Homofenylalanin — I.S.

Molekulovy vzorec: C19H15F14NO
Monoisotopick&d hmotnost =
587,077753 Da

Cislo 104

K. homovanilova

HMDB ID: HMDB00118
Molekulovy vzorec: C18H12F1406
Monoisotopick&d hmotnost =
590,041033 Da

Cislo 105a

Putrescin-2

HMDB ID: HMDB01414
Molekulovy vzorec:
C14H14F14N204
Monoisotopickd hmotnost =
540,073002 Da
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Cislo 105b

Putrescin-1 (isokyanat, 75 %)
HMDB ID: HMDB01414
Molekulovy vzorec: C10H11F7N20
Monoisotopick&d hmotnost =
340,06579 Da

Cislo 106

Histamin

HMDB ID: HMDB00870
Molekulovy vzorec:
C15H11F14N304
Monoisotopickd hmotnost =
563,052601 Da

Cislo 107

Glutamin

HMDB ID: HMDB00641
Molekulovy vzorec:
C14H12F14N205
Monoisotopickd hmotnost =
554,05227 Da

Cislo 108

1-Methylhistidin

HMDB ID: HMDB00479
Molekulovy vzorec:
C16H13F14N304
Monoisotopickd hmotnost =
577,068251 Da
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Cislo 109

Ornitin

HMDB ID: HMDB00214
Molekulovy vzorec:
C19H15F21N206
Monoisotopickd hmotnost =
766,059478 Da

F
F—1—F
F—1—F
F——F
P Cislo 110
@) K. 4-hydroxymandlova
HMDB ID: HMDB00822
o Molekulovy vzorec: C22H11F2108
Monoisotopickd hmotnost =
O\ 802,01186 Da
O F——F
F——F
F——F
F
Cislo 111
EFEF K. 4-aminobenzoova
| | | HMDB ID: HMDB01392
| | | F | Molekulovy vzorec: C16H9F14NO4
F F F Monoisotopick&d hmotnost =

545,030803 Da
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Cislo 112

K. 2-hydroxysebakova

HMDB ID: HMDB00424
Molekulovy vzorec: C23H21F2107
Monoisotopickd hmotnost =
808,095195 Da

Cislo 113

K. indoloctova

HMDB ID: HMDB00197
Molekulovy vzorec: C14H10F7NO2
Monoisotopickd hmotnost =
357,059976 Da

Cislo 114a

Histidin-2 (NR)

HMDB ID: HMDB00177
Molekulovy vzorec:
C20H12F21N306
Monoisotopick&d hmotnost =
789,039077 Da

Cislo 114b

Histidin-1 (NH, 15 %)
HMDB ID: HMDB00177
Molekulovy vzorec:
C15H11F14N304
Monoisotopick&d hmotnost =
563,052601 Da
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Cislo 115

K. 4-hydroxyskaicova

HMDB ID: HMDB02035
Molekulovy vzorec: C18H10F1405
Monoisotopick&d hmotnost =
572,030468 Da

Cislo 116

3-Methylhistidin

HMDB ID: HMDB00479
Molekulovy vzorec:
C16H13F14N304
Monoisotopick&d hmotnost =
577,068251 Da

Cislo 117

K. 2-amino-4-(methylsulfonyl)
butanova

HMDB ID: -

Molekulovy vzorec:
C14H13F14NO6S
Monoisotopick&d hmotnost =
589,024002 Da
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Cislo 118
K. 4-hydroxyfenylmlén&
HMDB ID: HMDBO00755

Molekulovy vzorec: C23H13F2108

Monoisotopick&d hmotnost =
816,02751 Da

Cislo 119a

Lysin-2

HMDB ID: HMDB00182
Molekulovy vzorec:
C20H17F21N206
Monoisotopickd hmotnost =
780,075128 Da

HN

Cislo 119b

Lysin-1 (cyklicka, 35 %)
HMDB ID: HMDB00182
Molekulovy vzorec:
C16H14F14N205
Monoisotopick&d hmotnost =
580,067916 Da
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Cislo 120

K. 2-hydroxyhippurova
HMDB ID: HMDB00840
Molekulovy vzorec: C18H11F14NO
Monoisotopick&d hmotnost =
603,036282 Da

Cislo 121

K. palmitova

HMDB ID: HMDB00220
MOLECULAR FORMULA:
C20H33F702
Monoisotopickd hmotnost =
438,236878 Da

Cislo 122

K. vanilylmandlova

HMDB ID: HMDB00291
MOLECULAR FORMULA:
C23H13F2109
Monoisotopickd hmotnost =
832,022424 Da

Cislo 123a

Kadavarin-2

HMDB ID: HMDB02322
MOLECULAR FORMULA:
C15H16F14N204
Monoisotopickd hmotnost =
554,088652 Da

121



Cislo 123b

Kadaverin-1 (isokyanat, 80 %)
MOLECULAR FORMULA:
C11H13F7N203
Monoisotopick&d hmotnost =
354,08144 Da

T

Cislo 124a

K. 2,6-diaminopimelova (izom.)
HMDB ID:HMDB01370
MOLECULAR FORMULA:
C25H18F28N208
Monoisotopickd hmotnost =
1006,061605 Da

Cislo 125

Glycylprolin

HMDB ID: HMDB00721
MOLECULAR FORMULA:
C16H14F14N205
Monoisotopick&d hmotnost =
580,067916 Da

Cislo 126

K. kynurenova

HMDB ID: HMDB00913
MOLECULAR FORMULA:
C19H19F14NO5
Monoisotopickd hmotnost =
597,025717 Da
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Cislo 127

Tyramin

HMDB ID: HMDBO00306
MOLECULAR FORMULA:
C18H13F14NO5
Monoisotopick&d hmotnost =
589,057017 Da

Cislo 128

K. 4-hydroxy-3-methoxyfenylmigna

HMDB ID: -

MOLECULAR FORMULA:
C24H15F2109
Monoisotopick&d hmotnost =
846,038074 Da

Cislo 129

Tyrosin

HMDB ID: HMDB00158
MOLECULAR FORMULA:
C23H14F21NO7
Monoisotopick&d hmotnost =
815,043494 Da
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Cislo 130

HMDB ID: : HMDB00954
MOLECULAR FORMULA:
C19H12F1406
Monoisotopickd hmotnost =
602,041033 Da

K. 4-hydroxy-3-methoxyskigccova

Cislo 131
3-Methoxytyramin

HMDB ID: HMDB00022
MOLECULAR FORMULA:
C24H16F21NO8
Monoisotopick&d hmotnost =
845,054059 Da

Cislo 132

Cystathionin

HMDB ID: HMDB00099
MOLECULAR FORMULA:
C25H18F28N208S
Monoisotopickd hmotnost =
1038,033675 Da
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Cislo 133

Dopamin

HMDB ID: HMDB00073
MOLECULAR FORMULA:
C23H14F21NO8
Monoisotopickd hmotnost =
831,038409 Da

Cislo 134

K. stearova

HMDB ID: HMDB00827
MOLECULAR FORMULA:
C22H37F702
Monoisotopick&d hmotnost =
466,268178 Da

Cislo 135
3,4-Dihydroxyfenylalanin
HMDB ID: HMDB00181
MOLECULAR FORMULA:
C28H15F28N0O10
Monoisotopickd hmotnost =
1057,024885 Da
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Cislo 136

Metanefrin

HMDB ID: HMDB04063
MOLECULAR FORMULA:
C20H17F14NO7
Monoisotopickd hmotnost =
649,078147 Da

Cislo 137

Cystin

HMDB ID: HMDB00192
MOLECULAR FORMULA:
C24H16F28N208S2
Monoisotopickd hmotnost =
1055,99009 Da
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Cislo 138

5-Hydroxylysin

HMDB ID: HMDB00450
MOLECULAR FORMULA:
C25H18F28N209
Monoisotopick&d hmotnost =
1022,373710 Da

Cislo 139

Tryptamin

HMDB ID: HMDB00303
MOLECULAR FORMULA:
C20H14F14N204
Monoisotopickd hmotnost =
612,073002 Da
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Cislo 140a
Normetanefrin-1

HMDB ID: HMDB00819
MOLECULAR FORMULA:
C24H16F21NO9
Monoisotopickd hmotnost =
861,048973 Da

HO

Cislo 140b
Normetanefrin-2 (10 %)
HMDB ID: HMDB00819
MOLECULAR FORMULA:
C19H15F14NO7
Monoisotopick&d hmotnost =
635,062497 Da
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Cislo 141

Tryptofan

HMDB ID: HMDB00929
MOLECULAR FORMULA:
C20H14F14N204
Monoisotopickd hmotnost =
HN._ / 612,073002 Da

——T

Cislo 142
Prolylhydroxyprolin

HMDB ID: HMDB06695
MOLECULAR FORMULA:
C24H19F21N208
Monoisotopick&d hmotnost =
862,080608 Da

Cislo 143

Kynurenin

HMDB ID: HMDB00684
MOLECULAR FORMULA:

C24H15F21N207
—1 1 Monoisotopicka hmotnost =
- i - - 842,054393 Da
F——F F——F
F——F F——F
F F
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Cislo 144

K. 5-hydroxyindoloctova
HMDB ID: HMDBO00763
MOLECULAR FORMULA:
C19H11F14NO5
Monoisotopick&d hmotnost =
599,041367 Da

Cislo 145a

Homocystin

HMDB ID: HMDB00742
MOLECULAR FORMULA:
C26H20F28N208S2
Monoisotopickd hmotnost =
1084,021395 Da
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Cislo 146

5-Hydroxytryptamin (Serotonin)
HMDB ID: HMDB00259
MOLECULAR FORMULA:
C25H15F21N207
Monoisotopickd hmotnost =
854,054393 Da

Cislo 147

K. mevalonova

HMDB ID: HMDB00227
MOLECULAR FORMULA:
C10H13F704
Monoisotopick&d hmotnost =
330,070206 Da

Cislo 148

Citrulin

HMDB ID: : HMDB00904
MOLECULAR FORMULA:

C15H15F14N305
F—1—F Monoisotopick&d hmotnost =
583,078815 Da
F—1—F
F——F
F
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Cislo 149a

Arginin-1

HMDB ID: HMDB00517
MOLECULAR FORMULA:
C15H16F14N404

Monoisotopickd hmotnost = 582,09+

Da

Cislo 149b

Arginin-2 (5 %)

HMDB ID: HMDB00517
MOLECULAR FORMULA:
C20H17F21N406
Monoisotopickd hmotnost =
808,081276 Da

Cislo 150

Kreatinin

HMDB ID: HMDB00562
MOLECULAR FORMULA:
C9HBF7N303
Monoisotopick&d hmotnost =
339,045389 Da
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A new method has been described for efficient derivatization of secondary alicyclic hydroxyl groups
in steroids by alkyl chloroformates (RCFs). Cholesterol, an essential human sterol and a steroid pre-
cursor in eukaryotic cells, was used as a model for treatment with various RCFs in an aqueous and
non-aqueous environment. While the cholesterol hydroxyl group did not react completely with any
of the tested RCFs reagents in the former case, trifluoroethyl chloroformate (TFECF) or heptafluo-
robutyl chloroformate (HFBCF) fully converts cholesterol and related metabolites into the corresponding
mixed carbonates under anhydrous conditions in seconds. The acylation reaction was combined with
liquid-liquid microextraction (LLME) between isooctane and acetonitrile phase. The sample preparation
requires just a stepwise addition of 50 il isooctane with 5 pl of a pyridine catalyst, 100 .l acetonitrile and
100 pl isooctane with dissolved 5 pl of the fluoroalkyl chloroformate reagent to a dried sample. The pro-
tocol developed in this study was successfully tested for GC-MS analysis of 12 important model steroids
and four main tocopherols. Each analyte provided a single peak with excellent GC separation properties,
well defined EI spectra containing diagnostic fragment ions suitable for their identification and quanti-
tation. The new method was further validated for the determination of six diagnostic non-cholesterol
sterols and four main tocopherols in human serum and in amniotic fluid. Satisfactory data were obtained
in terms of calibration, quantitation limits (for sterols and tocopherols, 0.05 and 0.15 pg/ml, respec-
tively), within-run precision (0.9-19.5%) and between-run precision (0.2-19.0%), accuracy (82-115%)
and recovery (90-110%). The validated method was successfully applied to GC-MS analysis of the ana-
lytes in woman sera and amniotic fluids and the results are well-comparable with those reported by
other authors. The presented work demonstrates for the first time capability of the RCFs to derivatize ali-
cyclic hydroxyls in steroids and tocopherols metabolites for GC-MS with excellent reaction rates, highest
reaction yields, minor reagent consumption and easy conjunction with LLME methods.

© 2014 Elsevier B.V. All rights reserved.

Keywords:
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Steroid hydroxyl group

Liquid-liquid microextraction

Human serum
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Gas chromatography-mass spectrometry

1. Introduction

Organic analytes with a hydroxyl group are frequent subjects
of gas chromatographic (GC) analysis. The active hydrogen of the
hydroxyl can participate in a variety of intermolecular interactions
that often impair gas-liquid/solid separation process. The undesir-

* Corresponding author at: Laboratory of Analytical Biochemistry, Institute of
Entomology, Biology Centre, Academy of Sciences of the Czech Republic, BraniSovska
31/1160, CZ-37005 Ceské Budg&jovice, Czech Republic. Tel.: +420 387 775 286;
fax: +420 387 755 287.

E-mail addresses: psimek@bclab.eu, simek.bc@gmail.com (P. Simek).

http://dx.doi.org/10.1016/j.chroma.2014.03.007
0021-9673/© 2014 Elsevier B.V. All rights reserved.

able adsorption phenomena may also occur via interactions of the
analyte's hydroxyl with the GC injector and column. Furthermore,
larger compounds such as steroids require high temperatures for
their elution from GC columns and analytes with labile hydroxyls
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may tend to dehydration. The hydroxyl group is therefore prefer-
ably derivatized in order to increase the analyte volatility, stability
and improve its separation and detection properties | 1]. However,
aliphatic and alicyclic hydroxyls in alcohols and steroids are only
weakly acidic (pKa 15-18) and considerably resistant to conversion
into derivatives with desired analytical properties.

Formation of silyl ethers by silylation with various trialkylsilyl
reagents [2-4] and acylation with perfluorinated acyl anhydrides
[5] have been most popular sample preparation methods in GC
analysis of analytes possessing the OH group. Other derivatization
methods, in particular alkylations were tested, e.g. methylation in
10% boron trifluoride methanol solution (BF3/MeOH) |6], derivati-
zation with sulfur trioxide-pyridine complex [7], alkylation with
p-nitrobenzyl chloride [8] and pentafluorobenzoyl bromide [9,10].
Nevertheless, sample preparation by using these reagents on ana-
lytical scale is often laborious, or it was used for specialized
purposes, typically for sensitive negative ion electron capture
detection [9,10]. The formation of alkyl and alkoxylalkyl ethers by
alkylation reagents such as methyl iodine or dimethoxymethane
and acylation of hydroxyl with alkyl chloreformates (RCFs) that
provide carbonates, have been important methods for protecting
OH groups in organic synthesis [11,12]. However, only the use of
the latter RCF reagents has been increasingly popular in the current
chemical analysis owing to their capability to react immediately
with various protic groups in aqueous media [13].

The RCF reactions with protic groups are usually faster than
the competing reagent hydrolysis and proceeds at the mixed
organic-water interface where the RCFs rapidly convert amino
groups to respective carbamates, esterify carboxyls and convert
thiols and phenolic and activated hydroxyls into carbonates. Much
less reactive aliphatic and alicyclic hydroxyl groups remain largely
untouched in hydroxyalkyl amino acids (e.g. serine, threonine, 3-
amino-2-hydroxybutyric acid) [14], 3- and 4-hydroxycarboxylic
acids [15], while acylation of 2-hydroxycarboxylic acids is accom-
panied by formation of various side-products [ 16,17]. Nevertheless,
small polyfunctional substances possessing aliphatic OH groups
such as diethylene glycole or tartaric acid were successfully ana-
lyzed in salty, crude river waters and wines after the treatment
with hexyl chloroformate decreasing thus the analyte polarity and
volatility [18,19]. Introduction of chloroformates with fluorinated
alkyls (FCFs), mostly trifluoroethyl (TFECF) [20,21], pentafluoro-
propyl (PFPCF) [22], heptafluorobutyl (HFBCF) [23-25] which are
now commercially available and higher perfluoroalkyl chloro-
formates [26-28], considerably extended capabilities to analyze
highly hydrophilic compounds directly in aqueous media. The FCFs
are generally more reactive than their traditional alkyl analogs
and provide highly volatile products easily amenable to GC anal-
ysis despite the rapidly increasing molecular weight of the arising
derivatives.

Till now, the derivatization procedure with novel FCF reagents
was mainly examined in conjunction with concurrent liquid-liquid
microextraction (LLME) for GC analysis of small hydrophilic com-
pounds possessing amino, carboxylic, thiol and phenolic groups
[20-29]. However, biological samples such as human serum typ-
ically contain plenty of lipophilic substances possessing aliphatic
and alicyclic hydroxyl groups that are readily extractable into the
collected organic phase directly amenable to subsequent GC anal-
ysis [30]. Moreover, little is known about the reactivity of the
alicyclic OH groups in abundant sterols and related steroids and
other hydroxylated lipophilic substances toward the RCF reagents.
Among these analytes, cholesterol (Chol) dominates as an essential
membrane component of all eukaryotic cells and as a precursor
of steroid hormones and bile acids which have various regu-
latory functions in numerous animal metabolic processes [31].
For instance, the knowledge of serum levels of non-cholesterol
sterols can be highly useful because these sterols can be applied as

surrogate markers of cholesterol biosynthesis (mainly desmosterol,
lathosterol, dihydrocholesterol) and absorption (campesterol, B-
sitosterol, stigmasterol). The assessment of the non-cholesterol
sterols is more affordable than the exact isotopic measurements
of cholesterol synthesis and absorption [32-34].

In continuation of our research of the RCF mediated sample
preparation methods, we therefore decided to investigate how var-
ious RCFs react with hydroxyls of metabolites playing a crucial
role in steroid metabolism. Chol was selected as an initial model
compound for the study of the OH conversion into a carbonate by
action of various RCFs. By means of GC-MS, the non-derivatized
Chol can easily be monitored on well deactivated GC columns and
thus the reaction yields of the natural and treated Chol can eas-
ily be observed in a single GC chromatogram. The derivatization
reaction of the cholesterol OH group was first examined by using
the aqueous conditions optimized for the RCF treatment of amino
and carboxylic acids in human body fluids [23-25] and in indus-
trial waters [19,26,27]. Then the conversion of hydroxyl in Chol and
other steroids with various RCFs was studied in non-aqueous media
and conditions for the complete carbonate formation with FCFs
were established. The testing set was further extended for several
sterols, two hydroxysterols, the principal androgen steroid hor-
mone testosterone, two crucial female estrogen hormones estrone,
estradiol and four tocopherols, important fat soluble antioxidants
from the vitamin E family. Tocopherols belong to potent fat-soluble
antioxidants with protective effects against cardiovascular diseases
and in the prevention of some types of cancer [35,36]. Reaction
yields and further analytical properties of each RCF reaction prod-
uct were carefully evaluated. Finally, the new sample preparation
protocol was developed and validated for profiling of six diagnostic
sterols and four tocopherols in human serum and amniotic fluid.
The body fluids were collected from pregnant women in the last
trimester and after the childbirth. The measured sterol and tocoph-
erol levels were compared with the results reported earlier by other
authors for serum and amniotic fluid.

2. Experimental
2.1. Chemicals

Cholesterol  (Chol), dihydrocholesterol, 5-a-cholestane
(18.), a-tocopherol, B-tocopherol, y-tocopherol, &-tocopherol,
ethanol, isooctane, pyridine, hydrochloric acid, sodium carbon-
ate, methyl chloroformate (MCF), ethyl chloroformate (ECF),
isobutyl chloroformate (iBCF), hexyl chloroformate (HCF), 1-
(trimethylsilyl)imidazole (TMSI), N,N'-dicyclohexylcarbodiimide
(DCC) and cholesteryl palmitate were purchased from
Sigma-Aldrich (Prague, Czech Republic). Lathosterol, campesterol,
stigmasterol, [-sitosterol, desmosterol, testosterone, estradiol,
estrone, 24S-hydroxycholesterol and 22S-hydroxycholesterol
were from Steraloids (Newport, Rl, USA). Potassium hydroxide
and n-hexane from were from Merck (Prague, Czech Republic).
Acetonitrile and methanol were obtained from Fisher Scientific
(Pardubice, Czech Republic). TFECF and HFBCF were delivered by
Genchem (Prague, Czech Republic).

2.2. Biological material

Serum samples and amniotic fluid samples used in this study
were obtained from Dr. M. Hill (Institute of Endocrinology, Prague,
Czech Republic) and stored at —80 °C until analysis. For the method
development, serum obtained from five healthy volunteers was
also used upon a written consent.
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Fig. 1. Reaction scheme of cholesterol (Chol) with trifluoroethyl chloroformate (TFECF).

2.3. Laboratory equipment

Sample preparation was performed in micro reaction ves-
sels with teflon lined screw cap closures (Supelco, PA, USA)
which were used for saponification and derivatization. Special clo-
sures equipped with Restek mininert® precision sampling valves
(Chromservis, Prague, Czech Republic) were used for sample prepa-
ration. The reagents were injected through a teflon-lined septum
by means of a 100wl Hamilton syringe (Hamilton, Bonaduz,
Switzerland) into the micro reaction vessels. A vortex mixer
(50-2400rpm) was supplied by P-Lab (Prague, Czech Republic).
Autosampler vials and a 10l autosampler syringe were from
Thermo Fisher Scientific (Prague, Czech Republic). Drying of the
reaction solvents (isooctane and acetonitrile) was accomplished
by a molecular sieve, 10-20 mesh beads (Sigma-Aldrich, Prague,
Czech Republic). For evaporation of samples to dryness, a Thermo
Fisher Scientific Jouan RC 10.10 vacuum evaporator (Trigon Plus,
Prague, Czech Republic) was used.

2.4. Stock and calibration solutions

Stock solutions of each examined steroid and tocopherol
standard, cholesteryl palmitate and 5-a-cholestane used as an
internal standard (1.S.) were prepared in ethanol at a concentra-
tion of 1 mg/ml. The calibration standards of sterols were prepared
by a serial dilution in the concentration range between 0.25 and
50 wg/ml at six levels (0.25, 0.5, 2.5, 5, 25 and 50 p.g/ml) in ethanol.
Similarly, tocopherols calibration solutions were prepared by a

Table 1

serial dilution within a 0.75-150 p.g/ml concentration range at six
levels (0.75, 1.5, 7.5, 15, 75 and 150 wg/ml) in ethanol. For spiking
samples with the L.S., the 5-a-cholestane stock solution was diluted
to the concentration 50 pg/ml.

2.5. Method development

Chol (typically 3 jug) was placed in a micro reaction vessel and
the organic solvent evaporated under a mild stream of nitrogen.
The residue was subjected to the reaction with a series of RCFs pos-
sessing the following alkyl and fluoroalkyl moieties: methyl (MCF),
ethyl (ECF), isobutyl (iBCF), hexyl (HCF), trifluoroethyl (TFECF)
and heptafluorobutyl (HFBCF). All manipulations with the RCFs
and other organic chemicals were performed in a well venti-
lated fume hood. The derivatization procedure was combined with
LLME which was carried out in both an aqueous and non-aqueous
medium as follows.

2.5.1. Alkyl chloroformate derivatization procedure in an
aqueous medium

Chol (3 pg) was covered with 100 pl of water in a micro reac-
tion vessel, briefly vortexed and then 10 ul of pyridine, 30 ! of
an aliphatic alcohol (methanol, ethanol, hexanol or isobutyl alco-
hol), 12 .l of RCF (MCF, ECF, HCF or iBCF) in 100 .| of isooctane
and 50 pl of 1 mol/l hydrochloric acid were gradually added under
vortexing. Finally, aliquot of the upper organic phase was aspirated
into an autosampler vial and 1 wl injected into a GC-MS instru-
ment. For the derivatization of Chol with HCF, a sample preparation

TIC El response of the non-derivatized Chol and its alkyloxycarbonate (ROC) derivatives measured under uniform GC-MS conditions (full scan mode, m/z 100-700 Da).

Analyte Derivatization reagent MM RT (min) Chol (PA)" Chol-ROC (PA) Relative El response
Chol-ROC (%)

A. Sample preparation in an aqueous medium
Chol None 386.4 423 16212150
Chol-MOC? MCF 444.4 4.78 15746879 1185249 7
Chol-EOC” ECF 458.4 493 17052785 1894754 10
Chol-iBOC* iBCF 486.4 5.28 19333588 805566 4
Chol-HoC? HCF 514.4 5.81 20074728 1056565 5
Chol-HOC HCF+DCC 514.4 5.81 9842676 11099187 53
Chol-TFEOC® TFECF 512.4 452 13746024 9552321 41
Chol-TFEOC TFECF+DCC 5124 4.52 1758047 23356924 93
Chol-HFBOC' HFBCF 612.3 461 11416233 10538060 48
B. Sample preparation under anhydrous conditions
Chol None 386.4 423 18762260
Chol-TMS TMSI 458.4 445 ndX 21106631 100
Chol-MOC MCF 444.4 478 14838147 6359205 30
Chol-EOC ECF 458.4 493 14427267 4809089 25
Chol-iBOC iBCF 486.4 5.28 12896723 6944388 35
Chol-HOC HCF 514.4 5.81 11656353 10345633 47
Chol-HOC HCF+DCC 514.4 5.81 3602825 17590266 83
Chol-TFEOC TFECF 5124 4,52 ndk 21477150 100
Chol-HFBOC HFBCF 612.3 461 ndk 20847372 100

The carbonate derivatives: *MOC=methoxy-, "EOC=ethoxy-, “iBOC=isobutoxy-, 9HOC=hexyloxy-, °TFEOC=trifluoroethoxy, "HFBOC=heptafluorobutoxy

2MM = monoisotopic mass, "PA = peak area, 'DCC=N,N'-dicyclohexylcarbodiimide, ' Relative EI response Chol-ROC(%)

_ __ Chol—ROC(PA)+100
~ TChol(PAJ+Chol—ROC(PA)) '

kn.d.=not detected.
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Fig. 2. The TIC GC-MS chromatograms of Chol and the derivatives under study; the non-derivatized cholesterol, its TMS-ether and the carbonates obtained by the reaction

of Chol with various RCFs under non-aqueous conditions.

method of Vincenti et al. [19,26,27] was examined. A 10 pl aliquot
of a pyridine catalyst solution containing DCC (400 mg/ml) instead
of simple pyridine was used.

For the derivatization with fluoroalkyl chloroformates, Chol
residue was mixed with 150 .l of 0.05 mol/l aqueous sodium car-
bonate in a micro reaction vessel and 50 .l of an isooctane-TFECF
(HFBCF) mixture (5:3, v/v) was added, vortexed for approximately
10s. Then a second medium of 0.1 mol/l sodium carbonate with
admixed pyridine (50 p.l, 5:1, v/v) was added, followed by vortex-
ing for about 10s. After adding 50 pl of isooctane and vortexing
for about 10s, the upper organic phase was aspirated into an
autosampler vial and a 1 pl subjected to GC-MS analysis. For the
Chol treatment with TFECF, the pyridine solution containing DCC
(400 mg/ml) was also tested.

2.5.2. Alkyl chloroformate derivatization procedure under
anhydrous conditions

The Chol (3 pg) was dried under mild stream of nitrogen
in a micro reaction vessel and re-dissolved in 50wl of an
isooctane—pyridine mixture (9:1, v/v). After vortexing, 100 .l of
acetonitrile was added. Subsequently, 100 ! of isooctane-RCF
medium containing an appropriate reagent: either MCF, ECF, iBCF,
HCF, TFECF or HFBCF (each 95:5, v/v) was added, the content vor-
texed for about 20 s and two immiscible layers were obtained. The
upper isooctane layer was aspirated into an autosampler vial and a
1 pl aliquot was subjected to GC-MS analysis.

2.5.3. Trimethylsilylation derivatization procedure

The properties of the new carbonate Chol derivatives were com-
pared with the most common Chol trimethylsilyl ether derivative
prepared by treatment of the same amount of Chol (3 ug) with
a TMSI reagent as described earlier [37,38]. The dry residue of
the standard was dissolved in 100 pl of dimethylformamide and
treated with 30wl of TMSI. The sample was then heated at 80°C
for 30 min and cooled to room temperature. After the addition of
100 ! of isooctane and vortexing, the arising immiscible phases
were separated and the upper layer containing the TMS deriva-
tive was transferred into an autosampler vial and a 1 pl aliquot
measured by GC-MS.

2.6. GC-MS analysis

For the characterization of all studied reaction products, GC-MS
analysis was performed on a Trace Ultra GC gas chromatograph
with a programmable temperature vaporizing (PTV) injector cou-
pled directly to a quadrupole mass spectrometer Trace DSQ
equipped with an electron ionization (EI) ion source (ThermoFisher
Scientific, San Jose, USA). An Xcalibur software, version 2.1 (Thermo
Fisher Scientific), was used for data acquisition and processing.
A 1 pl sample aliquot was injected in the splitless mode (a valve
closed for 0.7 min)into a Restek 2 mm glass Siltek deactivated baffle
liner (Restek, PA, USA). Autosampler syringes should be rinsed with
propan-2-ol after injection. The injector temperature was set at
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Analyte RT (min) MM? TFEOC der. Quantification ion Confirmation ion (1) Confirmation ion (2)
Estrone 322 396.1 396 352 339
Testosterone 342 4142 372 124 329
Estradiol 357 524.1 524 236 381
5-a-Cholestane (1.S.)" 372 3724 217 357 372
&-Tocopherol 4.01 5283 263 528 303
B-Tocopherol 415 542.4 277 542 317
y-Tocopherol 420 5424 277 542 317
«-Tocopherol 432 556.4 165 556 291
Cholesterol 458 5123 368 353 247
Dihydrocholesterol 460 514.4 499 514 359
Desmosterol 4,68 510.3 366 253 351
Lathosterol 4.70 5124 399 512 497
Campesterol 478 526.4 382 213 145
Stigmasterol 4.83 538.4 394 255 351
22S-Hydroxycholesterol 483 654.3 510 366 495
[B-Sitosterol 4.96 540.4 396 381 147
24S-Hydroxycholesterol 5.03 654.3 510 366 495

Three m/z ions were found suitable for quantification of each analyte. However, two m/z ions (a quantification and confirmation (1) one with RT) were proved sufficient for

reliable identification and method validation.

2 MM = monoisotopic mass.
bNot derivatized internal standard.

280°C. ADB-1HT, 15m x 0.25mm i.d., 0.1 um film thickness (Agi-
lent Technologies, Santa Clara, CA, USA) capillary column was used
for GCanalysis. The oven was initially held at 180 °C for 1 min, raised
at 30°C/min to 330°C and held for 2 min. Helium carrier gas flow
rate was 1.1 ml/min, the ion source temperature was held at 250°C
and the transfer line at 300°C. El mode (70eV) in a full scan mode
(100-700Da).

2.7. Method quantitation and validation

For the quantitation of selected steroid and tocopherol metabo-
lites in biofluids, mixed trifluoroethyl carbonate derivatives
(TFEOC) were employed for their GC-MS analysis on the same DB-1
HT column and under the identical instrumental conditions, but in
the selected ion monitoring MS scan mode (SIM). For each analyte, a
quantification and confirmation m/z ion was selected and detected
in a 1.2 Da mass window and a 25 ms dwell time.

The total content of each free and bound analyte was determined
after saponification of each sample with 2 M KOH in 90% ethanol as
described in [34]. The efficiency of the saponification was verified
by two methods:

(i) The content of cholesteryl palmitate and the released Chol

was analyzed in triplicate before and after the saponification
procedure. A 1l aliquot of cholesteryl palmitate standard

Table 3

solution was mixed with 250 .l of 2M KOH in 90% ethanol
and hydrolyzed in an oven at 60 °C for 120 min. The medium
was then mixed with 500 I of hexane and a 300 .l aliquot
was transferred into a micro reaction vessel and evaporated to
dryness by using a vacuum evaporator. The dry residue was
derivatized by TFECF and measured by GC-MS as described
below.

(ii) A randomly selected serum and amniotic fluid (n=3 of each)
was saponified and the nonpolar components extracted from
the aqueous phase into hexane as described above. The hexane
phase was withdrawn, and evaporated to dryness under a mild
stream of nitrogen. The residue was then dissolved in 300 p.|
of methanol and abundance of triglycerides and diglycerides
monitored on a RP-column Gemini C18, 110 A, 150 mm x 2 mm
i.d.,3 pm(Phenomenex, CA, USA) by positive electrospray mass
spectrometry (+ESI MS) LC-MS method described elsewhere
[39].

2.7.1. Sample preparation

A 100 pl aliquot of each biofluid was spiked with 10 pl of the L.S.
solution in a micro reaction vial. After vortexing, 250 il 2 M KOH in
90% ethanol was added, the mixture saponified at 60°C in an oven
for 120 min and extracted with 500 .l of hexane. A 300 p.l hexane
aliquot was evaporated to dryness by the vacuum evaporator. The
dry residue was then treated with 50 .l of isooctane/pyridine (9:1,

Calibration data obtained by GC-MS analysis of QC serum and QC amniotic fluid samples.

Analyte-TFEOC der. RT (min) Range of quantification Regression line serum R2 serum Regression line R2 amniotic fluid LLOQ" (j.g/ml)
(pg/mil) amniofic fluid

5-a-Cholestane 3.69 5 Internal standard (1.S.)

8-Tocopherol 4.01 0.15-30 0.0075x —0.0008 0.9907 nd.? n.d. 0.15
[B-Tocopherol 4.15 0.15-30 0.0163x —0.0022 0.9986 n.d. n.d. 0.15
y-Tocopherol 4.20 0.15-30 0.0220x+0.0113 0.9531 nd. nd. 0.15
a-Tocopherol 4.32 0.15-30 0.0141x - 0.0030 0.9796 n.d. n.d. 0.15
Dihydrocholesterol 4.64 0.05-10 0.0216x+0.0011 0.9983 0.0234x - 0.0027 0.9995 0.05
Desmosterol 4.66 0.05-10 0.0400x +0.0409 0.9746 0.0364x —0.0081 0.9959 0.05
Lathosterol 4.68 0.05-10 0.0644x+0.0101 0.9992 0.0418x —0.0030 0.9991 0.05
Campesterol 4.77 0.05-10 0.0932x+0.0123 0.9994 0.1015x — 0.0152 0.9994 0.05
Stigmasterol 4.83 0.05-10 0.0472x - 0.0012 0.9998 0.0797x - 0.0058 0.9997 0.05
B-Sitosterol 4.93 0.05-10 0.0352x+0.0095 0.9978 0.1005x - 0.0117 0.9997 0.05

@ n.d.=not determined.

b The LLOQ was the lowest point of the calibration curve and the same for serum and plasma.
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Fig. 3. The structures of sixteen analytes examined in this study.

v/v), vortexed for ca 10s and 100 pl of acetonitrile and 100 I of
mixture of isooctane/TFECF (95:5, v/v) was gradually added and
vortexed for further ca 20s. Finally, a 50 p.l aliquot of upper layer
was transferred into an autosampler vial and 1 pl of the organic
phase was subjected to GC-MS analysis.

2.7.2. Calibration

Calibration curves were obtained by spiking the serum and
amniotic fluid matrix with a 10l LS. solution and a 20 pul cal-
ibration solution containing each sterol and tocopherol at six
concentration levels. The final added concentrations in matrix
were: 0.05,0.1,0.5, 1,5, 10 pg/ml and 0.15, 0.3, 1.5, 3, 15, 30 p.g/ml
for sterols and tocopherols, respectively. The sample prepara-
tion and GC-MS analysis was then performed as described above.
Peak area ratio of each analyte to the LS. (5-a-cholestane, final
serum concentration, 5 pug/ml) was plotted against its concentra-
tion. Least square regression was used to determine slope, intercept
and coefficient of determination (R2). The sera and amniotic flu-
ids spiked with sterols and tocopherols at the respective 0.05, 1
and 10 pg/ml and 0.15, 3 and 30 pg/ml level were further used
as quality control samples (QC) for validation of the developed
method.

2.7.3. Method validation

Calibration curves, lower limit of quantification (LLOQ), pre-
cision and accuracy, recovery and stability were assessed in
accordance with generally accepted recommendations [40].

Lower limit of quantification (LLOQ) was determined as the low-
est point of the calibration curve obtained by GC-MS analysis of the
spiked matrix having precision less than 20% and accuracy within
80-120% (n=5).

Precision and accuracy were determined by analyzing the QC
serum and amniotic fluid samples spiked with standards at the low,
medium and high concentrations in single series (within-run assay)
and over a 14-day period (between-run assay) (n=>5).

Recovery was also estimated with the QC samples. The endoge-
nous concentration of each sterol and tocopherol was first
determined in the biofluids used as the QC samples and com-
pared with the values measured in the same samples spiked
with the analyte standards at three concentration levels. Recovery
was calculated according to the formula: (measured concentra-
tion — endogenous concentration)/added concentration x 100.

Stability of the TFEOC derivatives was evaluated with the QC
serum and amniotic fluid samples spiked with standards at the
medium concentration level. Each sample was prepared in trip-
licate and stored after the sample preparation and GC-MS analysis
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Fig. 4. TIC GC-MS separation of sixteen steroids, tocopherols as the TFEOC derivatives and 5-«a-cholestane (1.S.) on a 15m x 0.25 mm i.d.DB-1HT capillary column. Splitless

injection, 20 ng of each analyte.

at room temperature and at 4 °C. The QC sample stability was mea-
sured by the validated method in regular intervals within 72 h.
The analyte concentrations in the QC samples were compared with
those obtained by the GC-MS analysis of the same samples pre-
pared freshly on the day of analysis.

3. Results and discussion

3.1. Reactivity of the cholesterol hydroxy! group toward alkyl
chloroformates

For studying the reactions of the alicyclic hydroxyl with various
RCFs on analytical scale, Chol was first tested as a pilot model com-
pound. The reaction scheme for acylation of Chol with the TFECF
reagent is shown in Fig. 1.

The reactivity of the OH group was first studied in aque-
ous medium. The reported derivatization conditions used earlier
for the determination of polar metabolites in human body fluids
[17,22-25,29] and in industrial waters [19,26] were tested. Chol
was incubated with a series of chloroformates (from the MCF to
FCFreagents) and the arising products extracted into organic phase
and analyzed by GC-MS. The resulting products, their TIC GC-MS
response and relative abundance are summarized in Table 1A.

From the relative EI response of the particular Chol carbonates
(last column in Table 1A) it is evident that the secondary OH group
of Chol remains in aqueous environment largely untouched and the
yield of the corresponding carbonate depends clearly on the RCF's
reactivity which is approximately increasing from hexyl/isobutyl
over ECF, MCF to fluoroalkyl chloroformates. The effect of the
DCC coupling reagent on the reaction yields was further tested in
conjunction with HCF on the basis of the earlier observations of
Vincenti et al. [27]. Interestingly, the yield of the Chol-HOC deriva-
tive increased upon the DCC action by an order of magnitude and

indicates an activation effect of DCC toward the carbonate for-
mation. Comparable yields of the Chol derivatives in the aqueous
medium, but without DCC, were obtained with FCFs which is in
accordance with their observed higher reactivity [23,24]. Using
DCC, the yield of the TFEOC Chol product exceeded 90% (calculated
from the TIC response of the Chol and Chol-ROC peaks). Never-
theless, full conversion into the desired Chol-ROC product was not
reached by any of the RCF reagents tested.

Since animal steroids are generally extractable from water into
immiscible organic solvents, the reactivity of the Chol OH group was
further studied under non-aqueous conditions in the next series of
experiments. The obtained results are summarized in Table 1B.

While Chol was completely converted into the TMS-ether
derivative at 80 °C for 30 min, the corresponding carbonates arising
from acylation of Chol with RCFs were obtained with yields below
50%, except the trial when the carbonate formation was catalyzed
by the DCC coupling reagent (83% yield), Table 1B. It is worth not-
ing that the reaction yields rise with the decreasing chloroformate
polarity, in reverse order than in aqueous environment, compare
the reaction yields in Table 1A and B.

The smooth derivatization of the Chol hydroxyl was facilitated
by action of both examined FCFs under the carefully maintained
anhydrous conditions. The new derivatization procedure is very
simple and involves an addition of a mixture of isooctane with the
FCF reagent to a dried sample. We tested a suitable ratio between
the FCF reagent and the solvent dried over a molecular sieve in
the range of 2-10% (v/v) and found the 5% aliquot of the commer-
cially available TFECF (or HFBCF) in isooctane as an optimum. The
low reagent consumption, typically about 5 pl per sample, makes
the new sample preparation method very cost-effective. We ini-
tially used 100 .l of 250 mM HCl in order to dissolve the undesired
pyridine hydrochloride precipitate. However, addition of 100 I of
dried acetonitrile prior to the derivatization step was found even
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more efficient. Acetonitrile easily dissolves not only the white pyri-
dine chloride salt but also is capable to retain extraneous interfering
components while the nonpolar Chol-TFEOC derivative enters the
upper isooctane layer.

The TIC GC-MS chromatograms of Chol and its derivatives, the
non-derivatized Chol, its TMS-ether and the carbonates obtained
by Chol reaction with various RCFs in non-aqueous environment
are depicted in Fig. 2.

The chromatograms and EI responses of the Chol-carbonates
which were measured by GC-MS under identical experimental
conditions are shown in Fig. 2 and Table 1B, respectively. They
indicate that among the tested carbonate derivatives of Chol, the
fluoroalkyl carbonates exhibit advantageous analytical properties
providing, symmetrical, sharp GC peaks and a very good El response
comparable to that obtained with the silylated Chol-TMS ether
derivative.
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3.2. Derivatization of other sterols, steroid hormones and
tocopherols

Only the TFECF and HFBCF reagents enabled an immediate full
conversion of Chol into the corresponding carbonate derivative.
As the chromatographic and detection features of both Chol FCF
derivatives were very similar, we further examined the TFECF
reagent in derivatization of a larger range of animal and plant
sterols, some important steroid hormones and tocopherols. The
structures of all 16 investigated compounds are listed in Fig. 3.
Under the sample preparation conditions developed for Chol, all
examined analytes were smoothly converted by action of TFECF
into the corresponding carbonates providing a single peak and
defined El mass spectra. The secondary hydroxyl groups, i.e. at posi-
tion 3 (in sterols), 17 (in testosterone, and estradiol), at position 22
and 24 (in hydroxysterols) and in aromatic hydroxyls (estrogens,
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Fig. 5. (A) El mass spectra of the TFEOC derivatives of Chol, six diagnostic non-cholesterol sterols and 5-a-cholestane (1.S.). (B) EI mass spectra of the TFEOC derivatives of
two hydroxycholesterols and three steroid hormones. (C) EI mass spectra of the TFEOC derivatives of four tocopherols.
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Table 4
Precision, accuracy and percent recovery of non-cholesterol sterols and tocopherols after GC-MS analysis of the QC woman serum samples.
Analyte Concentration level (jg/ml) Precision (%) Accuracy (%) Recovery (%)
Within-run Between-run Within-run Between-run
§-Tocopherol 30 26 3.2 98 953 92
3 5.2 4.6 104 112 90
0.15 1.2 59 91 86 104
B-Tocopherol 30 2.6 5.2 96 98 105
3 38 25 98 96 108
0.15 4.1 3.6 103 111 96
v-Tocopherol 30 12 5.2 91 89 105
3 5.1 5.1 96 85 99
0.15 19 4.9 82 86 102
a-Tocopherol 30 5.0 4.3 102 85 110
3 14.7 0.2 94 86 96
0.15 137 5.2 85 82 92
Dihydrocholesterol 10 11.0 111 115 83 94
1 15.1 37 89 83 98
0.05 19.5 6.6 86 89 97
Desmosterol 10 12.9 131 110 105 85
1 14.2 10.8 104 109 86
0.05 18.9 19.5 111 113 90
Lathosterol 10 53 1241 95 86 96
1 11.6 159 85 88 92
0.05 22 75 86 91 a1
Campesterol 10 37 11.2 98 105 101
1 0.9 5.8 86 98 108
0.05 11.1 11.0 83 86 98
Stigmasterol 10 8.5 9.0 90 85 99
1 3.6 4.8 85 0 101
0.05 93 9.6 82 82 109
B-Sitosterol 10 5.6 7.6 99 108 110
1 4.6 12.6 98 87 98
0.05 13.6 19.0 85 84 95

100 pl serum/amniotic fluid

|
SAPONIFICATION
250 pl 2M KOH in 90% EtOH
60°C, 120 min
|
EXTRACTION
500 pl n-hexane
i
Evaporation to dryness
A 300 pl aliquot

i

Derivatization by TFECF
50 pl isooctane-pyridine (9 : 1, v/v)
100 pl acetonitrile
100 pl isooctane-TFECF (95 : 5, v/v)

i

Upper layer into an autosampler vial |

Fig. 6. Optimized sample preparation workflow for the quantitative determination

of six sterols and four tocopherols in human serum/amniotic fluid.

tocopherols) were also efficiently derivatized. Similarly, phenolic
hydroxyl groups in tocopherol react smoothly with the RCF, while
the keto groups in the tested testosterone and estrone structures
remained untouched.

Separation and detection of all examined steroids and toco-
pherols carbonates prepared by the new method was easily
achieved by GC-MS analysis on a nonpolar OV-1 type fused silica
capillary column. TIC GC-MS separation of 16 TFEOC metabolites
with the L. S. in nearly 5min is depicted in Fig. 4.

Despite the relatively high molecular weight, the TFEOC deriva-
tives were eluted at moderate temperature between 240 and 300°C
on the nonpolar GC column and approximately according to their
increasing molecular masses. The basic analytical characteristics of
the prepared TFEOC derivatives including the nominal molecular
mass, retention data and diagnostic El mass spectral fragments are
summarized in Table 2.

3.3. Mass spectra of the TFEOC derivatives and evaluation of the
diagnostic SIM ions

Replacing hydrogen in the hydroxyl by the TFEOC moiety
increases molecular mass of the derivatization product by 126 dal-
tons. The El mass spectra of the studied steroids and tocopherols as
the TFEOC derivatives are summarized in Fig. 5A-C.

The carbonate bond is generally weak and easily ruptures, here
by a characteristic loss of neutral trifluoroethyl hydrogen carbon-
ate species [TFEOCOOH, M*—144]. The fission process is driven by
stabilization of the charge and radical on the cholesterol ring giv-
ing M* =368.2. Molecular ion of sterols is therefore usually weak,
Fig. 5A. Comparison of the sterol EI spectra indicates that the M*
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2.89E5
100 RT: 4.04
8-Tocopherol, SIM m/z = 263
0
100 RT:4.15, RT: 4.20 3.71E5
B-Tocopherol, SIM m/z = 277 ;\“ y-Tocopherol, SIM m/z = 277
0
100 RT: 4.35 1.45€5
a~Tocopherol, SIM m/z = 165
0
100 RT: 4.62 7.31E8
Cholesterol, SIM m/z = 368 A
0
100 RT: 4.65 5.89ES
Dihydrocholesterol, SIM m/z = 499
0
100 RT: 4.67 1.51E5
Desmosterol, SIM m/z = 366
o
106 RT: 4.72 4.73E5
Lathosterol, SIM m/z = 399
0
. RT: 4.81 5.99ES
Campesterol, SIM m/z = 382
0
. RT: 4.89 9.47E4
Stigmasterol, SIM m/z = 394
0
100 RT: 4.99 5.04E5
B-Sitosterol, SIM m/z = 396
0
3.0 4.0 5.0 6.0
Time (min)

Fig. 7. Characteristic SIM GC-MS chromatograms of steroids and tocopherols detected in serum of a pregnant woman (sample Wb4).

stability and, thus intensity in the EI spectrum, is conducted by
the stability of the steroid skeleton and is particularly influenced
by the position of the double bond in the second ring. The pres-
ence of another OH in the Chol structure, at least in positions 22,
24 strengthens the TFEOCOOH loss giving a fragment ion m/z 510
which is accompanied by the fission of a second TFEOCOOH moi-
ety providing an ion m/z 366 as documented in the El spectra of
estradiol and hydroxycholesterols, Fig. 5B.

The El spectra of tocopherols contain a distinct molecular ion M*
because the TFEOC moiety is here stabilized by the presentaromatic
ring, Fig. 5C. Characteristic principal fragment ions M*-225 and
M*—224 are formed through the non-aromatic portion of the chro-
manol ring both with and without hydrogen transfer on the long
aliphatic chain, and via loss of the isoprenoid side chain M*-265
[41].

Potential diagnostic ions of each analyte suitable for the GC-MS
SIM quantitation were carefully selected from the EI spectra
obtained by GC-MS analysis of different human sera (n="7) after the
application of the developed sample preparation protocol. Both the
natural samples and the same sample aliquots spiked with stan-
dards at the medium QC level were examined for the evaluation
of the quantification and confirmation SIM ions. The choice of the
SIM ions largely depends on interferences arising from the serum
matrix and from El ionization of closely eluting structurally similar
analytes, here particularly in the vicinity of the dominating Chol

peak. The quantification and confirmation SIM ions convenient for
serum analysis were summarized in Table 2.

Assessment of the retention times with a tolerance window
+0.01 min and two SIM ions were proved to be a reliable criterion
for identification all measured analytes, although for dihydroc-
holesterol and lathosterol relatively less abundant ions m/z 499,
512 and m/z 399, 512 had to be used to avoid interefences with the
coeluting cholesterol peak.

3.4. Sample preparation for the body fluid analysis

The new analytical procedure described in the present study
was examined for the determination of 10 sterols and tocopherols
in human serum and amniotic fluid. The complete workflow of the
method is shown in Fig. 6 and involves a serum (amniotic fluid)
saponification, extraction of sterols and tocopherols into hexane,
solvent evaporation, derivatization by a TFECF-isooctane medium,
acetonitrile-isooctane LLME, transfer of the upper layer into an
autosampler vial and GC-MS analysis.

As the analytes exist in a free and bound form, each body
fluid was subjected to an alkaline hydrolysis according to the
procedure described in ref. [34]. The efficiency of the used saponi-
fication conditions was checked by hydrolysis of the cholesteryl
palmitate standard and by GC-MS analysis of the released Chol
before and after the hydrolysis step. Furthermore, the content of
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- triglycerides and diglycerides was measured in the biofluids after
] their saponification and extraction into the hexane phase (data not
F; shown). Only traces of cholesteryl palmitate and glycerides were
& | g detected by the respective GC-MS and LC-MS analysis and con-
bl e firmed that the saponification method releases analytes bound in
the human biofluids with yields >98%. The TFECF derivatization was
_ successfully coupled with the LLME step conducted between the
= immiscible isooctane and acetonitrile phase. As the extraction of
‘§ the analytes is accompanied with plenty of polar interfering com-
2 — ponents commonly present in the complex biofluids, the combined
~eecad derivatization LLME sample preparation ensures cleaner extracts
and much lower contamination of the GC-MS system.
The saponification procedure was most time consuming step
el (about 130min) and it is best carried out in sample batches.
% The derivatization coupled with the liquid extraction takes less
§ than 10min, a single GC-MS analytical run was accomplished
'ET. =g 'g eE within 8 min including the GC column equilibration. A repre-
sentative SIM mass chromatogram of ten sterol and tocopherol
analytes in a woman serum before childbirth is shown in
= Fig. 7.
z All examined metabolites were clearly detected in sera and
§ amniotic fluids subjected to the developed analytical protocol and
Sl Sdg their identity confirmed by their quantitation and confirmatory
g|leeeec ions presented in Table 2.
. 3.5. Method quantitation and validation
HEEEEEE
E|2|#HHuHH The calibration data involving calibration curve parameters, the
SlF|ezgee quantification range, the R square values, the LLOQ, are presented
% o e in Table 3.
'—,: Within-run precision ranged from 0.9% to 19.5% and the
E . between-run values from 0.2% to 19.0%. Within-run accuracy was
£ g§|22829¢8 in the range 82-115% and the between-run accuracy between 82%
2 g HHHHH and 112%. The criteria acceptable for precision and accuracy were
Y 5 88288 fulfilled at each tested concentration level.
e lHf|locosasce :
£ Mean recovery of sterols and tocopherols assayed in serum
-E and amniotic fluid were between 90-110% and 92-110% for the
N medium concentration levels, respectively. The data indicate neg-
£ls8|2883¢ ligible matrix effects in view to the quantitation of sterols and
S| S| HHHHH tocopherols by the developed method.
E ElZ=QrnE The results obtained with QC serum samples are detailed in
S|e|ee==*° Table 4.
'E The TFEOC derivatives and the analyte levels measured in
E o woman serum and amniotic fluid were found stable. The concen-
S(g|5E8288 tration of the analytes varied in the range of +12% and thus was in
T | HHHHH the tolerance limit.
2|8grg1s8
§ F|TTRES 3.6. Real sample analysis
=
E Analytical performance of the validated method was fur-
g ?!, 858358 ther evaluated by GC-MS of the sterol and tocopherol set in
5| & S50 women sera and amniotic fluids. Total (free+esterified) sterol
g |E rena and tocopherol concentrations in sera of 10 women in last
Z|d|cesss trimester, after the childbirth and in 5 amniotic fluids corre-
% spond well in most cases to those reported by other authors who
£ applied other analytical methods [34,42-55]. The concentrations of
g g cholesterol precursors, i.e. dihydrocholesterol and lathosterol were
= g between 0.08 and 32.4 p.g/ml and found higher before childbirth
SR 22388 A in accordance with Nikkild [47]. On the other hand, desmosterol
SIEISS55%(2 3 and plant sterols fluctuated at approximately same concentra-
T 2(NeRYg (™S E tion levels. Concentration of desmosterol and campesterol was
L |8|ee-S° = E 3 between 0.3-10.5 and 1.4-6.9 pg/ml, respectively. Concentration
% - g of B-sitosterol was ranged 0.7-5.7 pg/ml and concentration of stig-
~E ) T2 masterol 0.07-1.7 pg/ml, Table 5.
= E z g E 3 2 5 2= Only Nikkild et al. [47] reported considerably different sterol
£38 =" ° serum levels an order of magnitude higher than others. The
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abundance of a-tocopherol was similar (in range 0.24-14.1 p.g/ml)
to that reported previously [51,52] and the levels of the other toco-
pherols were lower (0-1.52 pg/ml) in accordance with literature
[53], Table 6A.

Concentration of Chol metabolites in amniotic fluid was found
lower than those in serum; dihydrocholesterol, between 0.29 and
1.8 wg/ml; lathosterol 0.7 and 1.3 pg/ml; desmosterol in range
0.3-0.7 pg/ml and campesterol about 0.2 ug/ml, except a sample
where high concentration of lathosterol (16.5 j.g/ml) was detected,
Table 7.

From the plant sterols, (-sitosterol and stigmasterol were
detected at levels about 0.5 ig/ml and 0.1 pg/ml, respectively. The
results are in accordance with other authors, Table 6B [54,55].

No tocopherols were detected in the measured amniotic fluids.

4. Conclusions

Alkyl chloroformates exhibit considerable pyridine-catalyzed
reactivity toward secondary alicyclic hydroxyl groups in both aque-
ous and non-aqueous environment. In particular, trifluoroethyl
chloroformate and heptafluorobutyl chloroformate are power-
ful reagents that immediately convert the hydroxyl group of
cholesterol and related metabolites into the corresponding mixed
carbonates under anhydrous conditions. Each examined analyte
provides a single product with very good GC separation proper-
ties, well-defined El spectra containing diagnostic fragment ions
suitable for their identification and quantitation. The GC-MS deter-
mination of six sterols and four tocopherols in a set of women
sera and amniotic fluids provided data well-comparable with those
reported earlier by other authors and proved the performance of the
new method. The new derivatization procedure outperforms exist-
ing methods for immediate derivatization of hydroxyl groups, is
advantageous for the low microliter reagent consumption and the
stability of the carbonate products which is much higher than at
commonly used trimethylsilyl derivatives. The derivatization can
be easily combined with a LLME step, either in non-aqueous or
aqueous conditions, and offers a convenient clean-up accessory,
particularly for complex matrices. The reaction kinetics and phase
transfer liquid-liquid equilibrium of these concurrent processes are
very fast, the sample preparation procedure is very simple and does
not require any specialized equipment. The new method has been
successfully applied to GC-MS profiling of cholesterol, sitosterol,
campesterol and two (v and 8) tocopherol isomers in various tis-
sues of the insect bug Pyrrhocorris apterus [56]. Studies extending
the new approach to analysis of other hydroxylated compounds
and to evaluation of various detection modes are in progress.
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Ectotherm animals including insects are known to undergo seasonal restructuring of the cell membranes
in order to keep their functionality and/or protect their structural integrity at low body temperatures.
Studies on insects so far focused either on fatty acids or on composition of molecular species in major
phospholipid classes. Here we extend the scope of analysis and bring results on seasonal changes in
minor phospholipid classes, lysophospholipids (LPLs), free fatty acids, phytosterols and tocopherols in
heteropteran insect, Pyrrhocoris apterus. We found that muscle tissue contains unusually high amounts
of LPLs. Muscle and fat body tissues also contain high amounts of p-sitosterol and campesterol, two phy-
tosterols derived from plant food, while only small amounts of cholesterol are present. In addition, two
isomers (y and 3) of tocopherol (vitamin E) are present in quantities comparable to, or even higher than
phytosterols in both tissues. Distinct seasonal patterns of sterol and tocopherol concentrations were
observed showing a minimum in reproductively active bugs in summer and a maximum in diapausing,
cold-acclimated bugs in winter. Possible adaptive meanings of such changes are discussed including: pre-
venting the unregulated transition of membrane lipids from functional liquid crystalline phase to non-
functional gel phase; decreasing the rates of ion/solute leakage; silencing the activities of membrane
bound enzymes and receptors; and counteracting the higher risk of oxidative damage to PUFA in winter
membranes.
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1. Introduction

Insects overwintering in temperate and polar zones evolved a
whole array of acclimatization responses that prevent/counter-
act/repair damaging effects of low, often subzero body tempera-
tures (reviewed in Denlinger and Lee, 2010). Biological
membranes are considered as primary targets of cold injury in all
organisms (Chapman, 1975; Quinn, 1985). All three basic types
of cold injury are closely associated with biological membranes:
(a) freezing of body fluids may cause either cell swelling beyond

Abbreviations: PL, phospholipid; LPL, lysophospholipid; FFA, free fatty acids;
(L)PE, (lyso)phosphatidylethanolamine; (L)PC, (lyso)phosphatidyicholine; (L)PG,
(lyso)phosphatidylglycerol; (L)PS, (lyso)phosphatidylserine; (L)PI, (lyso)phosphati-
dylinositol; PCA, principal component analysis; GC-MS, gas chromatography-mass
spectrometry; HPLC-MS, high performance liquid chromatography-mass
spectrometry.

* Corresponding author at: Institute of Entomology, Biology Centre, Academy of
Sciences of the Czech Republic, 370 05 Ceské Bud&jovice, Czech Republic, Tel.: +420
387775324; fax: +420 385310354.

E-mail address: kostal@entu.cas.cz (V. Kostal).

URL: http:[fwww.entu.cas.cz/kostal (V. Kostal).

0022-1910/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jinsphys.2013.06.008

the elastic limits of the membrane (intracellular freezing), or cellu-
lar dehydration, shrinkage, and membrane fusions (extracellular
freezing); (b) direct chilling injury is almost synonymous with lipid
bilayer phase transition, resulting in formation of phase separa-
tions, and loss of the membrane’s barrier-function (Drobnis et al.,
1993; Arav et al., 1996); and (c) the decline or loss of function in
various membrane proteins, including the primary ion-pumping
ATPases is one of the most important causes of the indirect chilling
injury (Hochachka, 1986), resulting in gradual dissipation of mem-
brane electrochemical potentials, followed by cell disintegration
and death (Kostal et al., 2004).

Acute sensitivity of the lipidic bilayer's physical properties, i.e.
phase and order (fluidity), to temperature is a cornerstone for
mechanistic explanation of cold injury. Membrane integrity and
functionality at low temperatures critically depend on bilayer's
physical properties, and these, in turn, are dictated by the bilayer's
chemical composition (Chapman, 1975; McElhaney, 1984; Hazel,
1995). Hence, compositional remodeling of lipidic bilayers linked
to decrease of body temperature is a widespread adaptive and/or
acclimatization response in many different poikilotherms includ-
ing insects (Sinensky, 1974; Cossins and MacDonald, 1989; Hazel,
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1995; Crocket, 2008; van Dooremalen et al., 2009, 2011). The ear-
lier studies on cold-related membrane restructuring in insects fo-
cused mainly on fatty acid composition in two major classes of
phospholipids (PLs): phosphatidylethanolamines (PEs) and phos-
phatidylcholines (PCs) (reviewed in Kostdl, 2010). Our knowledge
on potential contribution of minor membrane lipid classes, such
as phosphatidylglycerols (PGs), phosphatidylserines (PSs), phos-
phatidylinositols (PIs), lysophospholipids (LPLs), and free fatty
acids (FFAs) is very limited. Just a single relevant observation exists
for membrane sterols (Shreve et al., 2007). It shows that feeding
the fruit fly (Drosophila melanogaster) larvae a cholesterol-aug-
mented diet elevates cholesterol content in the adult flies’ mem-
branes 1.6-fold and is accompanied with significant increase of
their cold-tolerance. Practically nothing is known on potential
cold-related changes of membrane tocopherols. Sterols and toc-
opherols, however, are indispensable and ubiquitous architectural
components of cell membranes (Wang and Quinn, 1999; Behmer
and Nes, 2003; Atkinson et al., 2008). Besides their metabolic roles
(sterols as precursors of steroid hormones; tocopherols as antioxi-
dants), sterols and tocopherols play important structural functions
in membranes. Sterols and tocopherols display the same general
effect on membrane physical properties. They increase the order
(decrease the fluidity) of the bilayers in the liquid-crystalline phase
(Ly), while decreasing the order (increasing the fluidity) of the
bilayers in the lamellar gel phase (L) (Urano et al., 1988; Stillwell
et al., 1996). Increasing the relative proportion of sterols and/or
tocopherols in membrane lipids thus results in the decrease of
the bilayer’s specific transition temperature (T,;) at which the “so-
lid" phase L, “melts” and forms a “fluid” phase L. This way, high
concentrations of sterols and tocopherols may counteract the
ordering effects of seasonally low temperatures, and may serve
as important adaptive trait by reducing the risk of membrane
solidification, i.e. phase-transition into gel phase (Serensen, 1993;
Crockett and Hazel, 1995). The gel phase is considered to be non-
functional on itself and, mainly, the transition to gel phase in re-
stricted membrane portions is linked to direct chilling injury by
formation of lipid phase separations between the gel and fluid
phases resulting in rapid ion and solute leakage (Quinn, 1985). In-
deed, artificially increasing the cholesterol:PL ratio in membranes
proved to reduce the direct chilling injury associated with mem-
brane phase separations and helped to increase the viability of
cryopreserved biological materials (Purdy and Graham, 2004;
Horvath and Seidel, 2006).

The main aim of this study was to fill the gap in our knowledge
on insect seasonal membrane remodeling by supplementing new
data on minor lipid classes such as PGs, PSs, Pls, LPLs, FFAs, sterols,
and tocopherols. The linden bug, Pyrrhocoris apterus was used as a
model species, since its overwintering biology has been intensively
studied in the past (Hodek, 1968; Hodkova and Hodek, 1997;
Kostal and Simek, 2000; Kostal et al., 2011), and a good knowledge
exists on the seasonal remodeling of major phospholipid classes
(PEs and PCs) in P. apterus’ cell membranes in response to cold
(Hodkova et al., 1999, 2002; Tomcala et al., 2006). Here we show
that the muscle tissue of adult linden bugs contains surprisingly
high amounts of LPLs. In addition, muscle and fat body contain
high amounts of B-sitosterol and campesterol, two phytosterols de-
rived from their food (these bugs are seed eaters), while only small
amounts of cholesterol are present. Two isomers (y and &) of
tocopherol (vitamin E) are found in quantities comparable to, or
even higher than phytosterols in both tissues. Distinct seasonal
patterns of sterol and tocopherol concentrations are observed
showing a minimum in reproductively active bugs in summer
and a maximum in diapausing, cold-acclimated bugs in winter.
The potential effects of relatively high winter concentrations of
sterols and tocopherols on the structure, phase behavior and func-
tion of the linden bugs' cell membranes are discussed.

2. Materials and methods
2.1. Insects

Adults of the brachypterous wing-form of P. apterus (L.) (Het-
eroptera: Pyrrhocoridae) were collected by hand picking from the
natural population occurring nearby Ceské Bud@&jovice (48°57”
NW, 14°28"” EL; Czech Republic) during 2011. The sampling dates
and basic descriptions of the insects’ developmental/reproductive
state are provided in Table 1. The adults belonging to 2010/2011
— overwintering generation perished by the end of May and begin-
ning of June. New (1st) generation of adults emerged during the
second half of June and the adults of partial 2nd generation oc-
curred by the end of summer and during autumn. The collected
specimens were transported (ca. 10 min) in a temperature-insu-
lated container to the Institute of Entomology and processed
immediately, with the exception of a sample taken on 28 June
2011. This sample consisted of young reproducing adults that
moulted from last (5th) instar nymphs that were collected in the
field on 20 June 2011, were kept in outdoor cage (exposed to nat-
ural photoperiod and variations of temperature), and were sup-
plied with water and dry seeds of the linden tree (Tilia parviflora
Ehrh.) as food. This way, we ensured that all adults belong to the
new (1st) generation.

In order to validate our analytical results, and to obtain compar-
ative data, samples of other animal tissues were analyzed. Several
species of insects were obtained from laboratory cultures that are
maintained at the Institute of Entomology in Ceské Bud&jovice.
Muscle and fat body tissues were disected from: locust (Locusta
migratoria); cockroach (Periplaneta americana); wax moth (Galleria
mellonela); and codling moth (Cydia pomonelia). In addition, two
mammalian species were analyzed: the human blood serum (ob-
tained from healthy man, Hospital in Ceské Bud&jovice); and the
mouse (Mus musculus), from which the samples of hind femur
muscle, liver and abdominal white fat were dissected. Finally, the
contents of sterols, tocopherols and LPLs in the dry seeds of the lin-
den tree (major diet of P. apterus in the field) were also analyzed.

2.2. Tissue dissection, extraction of total lipids, SPE

Thorax (containing mostly muscle tissue) and abdominal fat
body were rapidly (3 min) dissected from P. apterus adults. Hemo-
lymph, containing circulating cells and lipoproteins, was blotted
from the tissues. Each sample contained tissues pooled from three
animals and was prepared in four biological replications (two

Table 1
Description of developmental/reproductive state of the adults of P. apterus taken for
analysis.

Generation of ~ Sampling  Developmental/reproductive state
insects date?
Overwintering 18 Jan End of reproductive diapause/post-diapause
quiescence
10 Mar Post-diapause quiescence
20 May Reproduction (mating pairs)
1st 20 Jun Reproduction (mating pairs were collected in
the field)
28 Jun Reproduction (mating pairs were reared in the
outdoor cage)
1st & 2nd 17 Sep Maintenance of reproductive diapause, warm-
acclimated
1 Nov Maintenance/termination of reproductive
diapause, cold-acclimation
7 Dec Termination of reproductive diapause, cold-

acclimated

2 All insects were collected during 2011.
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replications with males and two replications with females). Since
no statistically significant differences were later found between
the sexes, the results for males and females were combined for sta-
tistical analysis. Details on the tissue dissection from other species
are given in the Supplementary material (Table S2). Total lipids
from all samples were extracted uniformly in ice-cold chloro-
form:methanol (2:1, v/v) solution using the slightly modified
method of Folch et al. (1957) and Ko3tal and Simek (1998). After
the extraction, the solvents were evaporated under a stream of
nitrogen, and the lipid extracts were stored at —80 °C.

For the GC-MS and HPLC-MS analysis, the lipid extracts were
spiked with 2.5 nmol of '>C cholesterol (CIL, Andover, USA) and
10 nmol of 1,2-diheptadecanoyl phosphatidylcholine (Avanti Polar
Lipids, Alabaster, AL, USA) dissolved in isooctane and MeOH,
respectively, both serving as internal standards. Each extract was
then separated into individual lipid classes by dissolution and li-
quid-liquid extraction between 2 ml acetonitrile-water (80:20)
and 1 ml hexane. A 1 ml aliquot of the lower aqueous acetonitrile
phase containing phospholipids (PLs) was evaporated to dryness
and diluted with 300 pl of a mobile phase before the analysis. Non-
polar lipids partitioned into the upper hexane phase were sepa-
rated by solid phase extraction (SPE) on an aminopropyl silica
Bond Elut LRC-NH, column NH; (Agilent Technologies, Santa Clara,
CA, USA) into the particular lipid classes using a modified method
by Kaluzny et al. (1985).

The following fractions were obtained: fr.1, steryl esters (elu-
ent; hexane); fr.2, triacylglycerols (eluent; hexane:dichlorometh-
ane, 8:2); and fr.3, sterols and tocopherols plus diacylglycerols
(eluent; hexane:ethylacetate, 7:3). After the SPE step, fractions
were evaporated using Jouan Thermo Scientific RC 10.10 vacuum
evaporator (Trigon Plus, Prague, Czech Republic) and stored at
—80°C until further analysis. All chemicals used for extraction
and SPE were purchased from Sigma-Aldrich Co. (St. Louis, USA).

2.3. Analysis of phospholipids and free fatty acids

Total content of phospholipids in the PL fraction was measured
using phosphorus assay (Rouser et al.,, 1970). The PL phosphorus
was released by mineralization of the dry sample for 20 min at
180 °C in 125 pl of 70% perchloric acid. After adding distilled water
(900 ul), 2.5% solution of ammonium molybdate tetrahydrate
(125 pl), and 10% ascorbic acid (125 pl), the sample was heated
to 100 °C for 5 min during which the released inorganic phosphate
complexes with ammonium molybdate. After cooling for 10 min in
cold water bath and spinning, the absorbance of resulting blue
solution was read at 820 nm and the amount of PL phosphorus
was derived from the calibration curve obtained by measuring
the range of monopotassium phosphate solutions.

Analysis of FFA, LPL, and PL molecular species was conducted in
three selected sampling dates of P. apterus (collected on 20 Jun, 17
Sep, 7 Dec) using HPLC combined with electrospray ionization
mass spectrometry (ESI-MS) as described in previous studies
(Tomcala et al., 2006; Overgaard et al., 2008). An LTQ-XL mass
spectrometer (Thermo Fisher Scientific) equipped with ESI, Accela
600 pump HPLC system, and Accela AS autosampler (Thermo Fish-
er Scientific, San Jose, CA, USA) was used. The stored dry PL frac-
tions were dissolved in 300 pl of methanol, and 5 pl aliquots
were injected into a Gemini C18 HPLC column (150 x 2 mm ID,
3 um (Phenomenex, Torrance, CA, USA). The mobile phase con-
sisted of (A) 10 mM ammonium acetate in methanol with ammo-
nia (0.025%), (B) 10 mM ammenium acetate in water, and (C)
isopropanol-MeOH 8:2. The gradient elution A:B:C was performed
as follows: 0 min: 92:8:0, 7 min: 97:3:0, 12 min: 100:0:0, 19 min:
93:0:7, 20-23 min: 90:0:10, 24 min: 100:0:0 and for equilibration
of column 26-45min: 92:8:0 with applied flow rate of
250 uL min~". The column temperature was maintained at 35 °C.

The mass spectrometer was operated either in the positive or the
negative ion detection mode at +3 kV or —2.5 kV, respectively. Cap-
illary temperature was 200 °C, and nitrogen was used as both the
sheath and the auxiliary gas. Eluting ions were detected with full
scan mode from 200 to 1000 Da. For the collisionally induced
MS2 fragmentations, ion isolation width was 2 Da and the micro-
scan and maximum ion time was 50 ms for positive and 100 ms
for negative mode; the normalized collision energy was 35%. Data
were acquired and processed by means of Xcalibur 2.1 software
(Thermo Fisher Scientific). The responses of analyzed phospholip-
ids were corrected by comparison to the internal standard signals.
The used common chemicals were purchased from Sigma-Aldrich
Co. The lipid standards were obtained from Avanti Polar Lipids
(Alabaster, AL, USA).

2.4. Analysis of sterols and tocopherols

Sterols and tocopherols in the fraction three were analyzed by
GC-MS after their derivatization with a reaction medium (100 pl)
containing 5 pl of trifluoroethyl chloroformate (available from
Genchem or Pragolab, Prague, Czech Republic), 10 pl pyridine
and 90 pl isooctane. After the addition of 100 ul of acetonitrile,
100 pl isooctane and short vortexing, 1 pl aliquot of the upper iso-
octane layer was injected into a GC-QMS mass spectrometer DSQ
(Thermo Fisher Scientific) equipped with an electron ionization
ion source (EI) and scanning EI mass spectra in the 100-700 Da
mass range every 0.25 s. Helium carrier gas flow rate was 1.1 ml/
min, the ion source temperature was held at 250 °C and the trans-
fer line at 300 °C. Injection mode was splitless (valve closed for
0.75 min); the injector temperature was set at 280 °C., the GC col-
umn was Agilent DB-1HT, 15 m x 0.25 mm i.d., 0.1 um film thick-
ness (Agilent Technologies, Santa Clara, CA, USA). The GC oven was
initially held at 180 °C for 1 min, raised at 30 °C min~"' to 330 °C
and held for 2 min. The data acquisition and processing was per-
formed by Xcalibur software v. 2.0 (Thermo Fischer Scientific).

2.5. Data processing and statistical analysis

The relative amounts of sterols and tocopherols in tissues were
calculated per phospholipid molecule and are expressed as mol%
(moles of each compound per 100 moles of total PLs). The influence
of season (sampling date) on the relative amounts of sterols and
tocopherols in tissues was statistically analyzed using one-way
ANOVA and the Bonferroni’s multiple comparison tests were ap-
plied to find the differences among sampling dates using Prism
v.4 (GraphPad Software, San Diego, CA, USA).

The results of FFA, LPL and PL molecular species analysis were
expressed as relative proportion of each molecular species from
the total of 100%. The complex association of lipidic compositional
change with season was determined by principal component anal-
ysis (PCA) using Canoco v. 4.52 (Biometris-Plant Research Interna-
tional, Wageningen, The Netherlands).

3. Results
3.1. Free fatty acids, lysophospholipids and phospholipids

We identified six different FFAs, 13 species of LPLs, and 28 spe-
cies of PLs in tissues of P. apterus. The complete list of detected com-
pounds and their relative proportions are summarized in Table S1
and Fig. S1. None of the molecular species exceeded relative propor-
tion of 17%. The overall compositions were similar in both tissues
with few exceptions: linoleic acid (FFA 18:2) and two LPLs (LPE
18:2, LPC 18:2) were highly abundant in muscles where their rela-
tive proportions ranged around 7%, 10%, and 15%, respectively,
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while these species were much less abundant in the samples pre-
pared from fat (1.5%, 1%, and 2%, respectively). The palmityl linoleyl
phosphatldylethanolamme (PE 16:0/18:2) was the molecular spe-
cies showing the most significant change with seasonal time. Its rel-
ative proportion increased from 3.4% in June to 6.9% in December
(thoracic muscles), and from 6.3% in June to 15.1% in December
(fat body).

PEs and PCs were dominant lipid classes in both tissues. Their
dominancy, however, was much less pronounced in muscles than
in fat, due to high relative proportions of FFAs and LPLs in muscles
(Fig. 1). Slightly different patterns of seasonal change were identi-
fied in two tissues by statistical analysis using PCA. In the muscles,
high concentrations of FFAs and LPLs correlated tightly with Sep
sample. The Jun and Dec samples were not clearly associated with
any lipid class, except for a weak association between Dec and high
relative proportion of PEs (Fig. 1A). In the fat, there was a clear cor-
relation between Jun sample and the high concentrations of FFAs
and LPLs. In contrast, Dec sample associated with high relative pro-
portions of PEs and PSs (Fig. 1B).

3.2. Sterols

Three different sterols, cholesterol, campesterol, and f-sitos-
terol, were identified in the tissues of P. apterus. The seasonal
changes in relative amounts of sterols are shown in Fig. 2. Choles-
terol contents were relatively low, ranging between 0.2 and
0.4 mol% in muscles, and between 0.5 and 0.8 mol% in fat. Two
phytosterols were present at higher concentrations: campesterol,
1.2-2.5 mol% in muscles, and 1.5-4.6 mol% in fat; and p-sitosterol,
5.1-8.0 mol% in muscles, and 6.8-15.2 mol% in fat. While the con-
centrations of cholesterol were fairly constant during the year in
both tissues, two phytosterols showed similar seasonal patterns
with a broad minimum during spring and summer and a peak
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during autumn/winter. The statistical analysis revealed that signif-
icant differences exist in total sterol concentration between the
reproductive insects collected during May and June and the diapa-
using, cold-acclimated insects collected during November and
December (min 6.6 vs. max 10.8 mol% in muscles; and 8.9 vs.
20.5 mol% in fat).

3.3. Tocopherols

Two isomers of tocopherol were found in the tissues of
P. apterus (Fig. 3). The amounts of 5-tocopherol ranged between
0.1-1.3 mol% in muscles, and 0.3-5.5 mol% in fat. The amounts of
y-tocopherol ranged between 3.0-8.6mol% in muscles, and
9.1-31.3 mol% in fat. Both tocopherols showed a distinct seasonal
pattern: the statistically significant minimum of total tocopherol
concentration was found in the young adults of the 1st generation,
while a peak occurred in diapausing, cold-acclimated insects (min
3.1 vs. max 9.9 mol% in muscles, and 9.4 vs. 36.8 mol% in fat).

3.4. Comparative data for other species

Analytical data collected for other insect species, mouse tissues,
human blood serum, and seeds of linden tree are summarized in
Table S2. They will be commented later, in Section 4.

4. Discussion

Complex lipidomic data on seasonal changes of relative propor-
tions of 52 different species of membrane lipids in P. apterus are
presented in this paper. Lipid classes that are not involved in mem-
brane architecture, such as triacylglycerols, diacylglycerols, and
sterols esterified to fatty acids, were not included in this study.
We analyzed lipids in whole tissues (thoracic muscles, abdominal
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Fig. 1. Membrane lipid composition in thoracic muscles (A) and fat body (B) of the adult P. apterus collected in the field during June (Jun), Septemper (Sep), and December
(Dec) 2011. Relative proportions of major lipid classes (for abbreviations, see text) of a total 100% are shown. Each column is a mean of four independent samples (each
sample contained tissues pooled from three individuals) +S.D. (n =4). The insets show results of PCA statistics on association between the treatments (colored circles
representing the centroids of four replications for each season) and the relative proportions of major lipid classes (eigenvectors). The eigenvectors extending beyond the
dashed correlation circle fit the model by more than 98%. Detailed results showing lipid molecular species are listed in Table S1 and depicted graphically in Fig. S1.
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Fig. 2. Seasonal change of sterol composition in thoracic muscles (A) and fat body (B) of the adult P. apterus collected in the field during 2011 (x axis shows months coded
using Roman numerals). Each point is a mean of four independent samples (each sample contained tissues pooled from three individuals) + S.D. (n = 4), The influence of
season on total sterol content (Sterols) was analyzed using one-way ANOVA and the Bonferroni's multiple comparison tests were applied to find the differences among
treatments (sampling dates). Statistically different means are assigned different letters.
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Fig. 3. Seasonal change of tocopherol composition in thoracic muscles (A) and fat body (B) of the adult P. apterus collected in the field during 2011 (x axis shows months
coded using Roman numerals). Each point is a mean of four independent samples (each sample contained tissues pooled from three individuals) + S.D. (n = 4). The influence of
season on total tecopherol content (Tocopherols) was analyzed using one-way ANOVA and the Bonferroni's multiple comparison tests were applied to find the differences

among treatments (sampling dates).

fat body) without isolating pure membrane fractions prior to anal-
ysis. Although this is a rather crude approach, similarly complex
analysis is not currently available for any other insect species, at
least not to our knowledge. Most of the earlier studies on insects
focused on fatty acid composition in total polar lipid fraction ob-
tained from the animal's whole body (reviewed in Kostal, 2010).
All compounds analyzed in this study show spontaneous tendency
to partition into lipid bilayers and monolayers in aqueous environ-
ments due to their amphipathic nature (Dowhan and Bogdanov,
2002). Thus, we believe that our results represent the pool of lipid
compounds that form cell membranes (based on PL bilayers) and
the envelopes of lipid droplets (based on PL monolayers).

In P. apterus, seasonal changes in composition of two major PL
classes, PEs and PCs, were analyzed previously in our laboratory
(Hodkovi et al., 2002; Tom¢éala et al., 2006). TLC analysis of lipid
classes revealed that PEs and PCs typically represent more than
80% of all phospholipids (Hodkova et al., 1999). When we restrict
our choice of PEs and PCs to 14 major molecular species, similarly
as in the previous studies, our new data would fully confirm that
the winter increase of a single species, PE 16:0/18:2 is the most
striking seasonal trend. Calculating with only 14 species of PEs
and PCs as a total, the relative proportion of PE 16:0/18:2 would in-
crease from 7.2% in Jun to 14.8% in Dec (muscles) or from to 9.3% to
20.4% (fat). Calculating with all analyzed polar lipids (FFAs, LPLs
and PLs), the winter increase of PE 16:0/18:2 still emerges as the
most prominent change, its relative magnitude, however, becomes
smaller (Fig. S1). It has been suggested (Hodkova et al., 2002) that
the adaptive meaning of specific pairing of palmitic and linoleic
acyls in a single PE molecule may be related to the widening of
the window between the temperatures of gel phase transition
(T.) and hexagonal phase transition (Tj,), thus increasing the span
of environmental temperatures at which the membrane remains

fluid and functional. However, the architecture, physicochemical
properties and functionality of a particular membrane is influenced
by all its components. Thus, it is important to consider the mem-
brane composition in its complexity. In this study, we extend our
earlier observations and report that P. apterus membranes contain
surprisingly high concentrations of LPLs and FFAs (in muscle) and
also high levels of phytosterols and tocopherols (in both tissues).

4.1. Lysophospholipids

Free LPLs are found in all animal membranes in relatively low
quantities of around 1 mol%. Albumine-bound LPLs and lipopro-
tein-associated LPLs circulate in vertebrate blood where they
may represent 5-20% of all PLs (Croset et al., 2000). In vertebrates,
LPL signaling is intensively studied as it is involved in numerous vi-
tal processes including embryogenesis, vascular development, oo-
cyte survival, and immune cell trafficking (Skoura and Hla, 2009)
and because the LPL concentrations increase in connection to spe-
cific pathologies including cancer, heart and brain strokes, and
inflammatory reactions (Xiao et al., 2001; Adibhatla et al., 2006;
Wang et al., 2010; Skoura and Hla, 2009). Membrane LPLs are
mostly formed by hydrolysis of PLs by the enzyme phospholipase
Ay, as part of the de-acylation/re-acylation cycle (or Lands' cycle;
Lands, 1958) that controls the membrane’s molecular species com-
position (Hishikawa et al., 2008).

Free LPLs represented as much as 25-32% of all PLs in P. apterus
thoracic muscles. In addition, high relative proportions of FFAs
(13-17%) were detected in muscles (Fig. 1A). Currently, we have
no clear explanation for such high levels of LPLs and FFAs in P. apte-
rus muscles. The brachypterous wing-morph of P. apterus possesses
only rudimentary thoracic muscles that are not capable to support
flight. Specific composition of their membranes may be related to
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loss of their primary function. We verified that extending the time
of dissection from ca. 1 min (on ice) to 5 min and 10 min (at room
temperature) had no effect on the relative amounts of LPLs. Thus,
the effect of non-regulated enzymatic degradation of PLs during
dissection probably was not responsible for high LPL levels. The
LPL levels were much lower in the fat body tissue of P. apterus
and also in other animal tissues including flight muscles and
non-flight muscles dissected from four other insect species
(Table 52).

Free LPLs assume a molecular shape of inverted cone (large
hydrophilic head group relative to small hydrophobic domain)
which results in their tendency to self-associate in micellar
structures with a small radius of curvature and hydrophobic
core excluding water (Dowhan and Bogdanov, 2002). This deter-
gent-like, micellar-forming effect can be useful for membrane
architecture as it can stabilize convex surfaces with high curva-
ture; similarly as PEs with unsaturated fatty acids can stabilize
concave surfaces (Lundbaek and Andersen, 1994). It was shown
that very high concentrations of LPLs (up to 72 mol%) can be incor-
porated into natural lipid membranes without destroying the
bilayer structure (Van Meer et al., 1980). Inverted cones of LPLs clo-
sely associate with unsaturated PEs which assume normal conical
shape and thus, the amphipatic balance of a complex of two
molecules is restored (Mishima et al., 2004). Indeed, P. apterus
membrane lipids are highly unsaturated in both, muscles and fat.
Oleyl and linoleyl together represent more than 70% of all fatty
acyls in both PEs and PCs (Hodkova et al., 1999). We found small
seasonal differences in the relative proportions of LPLs and FFAs
in muscles and fat. The highest concentrations of LPLs and FFAs oc-
curred in Sep in muscle or in Jun in fat (Fig. 1). The autumn max-
imum in thoracic muscles may be linked to the increased rate of
tissue degradation and its conversion to fat deposits that are accu-
mulated for incoming winter in the fat body. The spring/summer
maximum in fat can be associated with high metabolic activity of
reproductive animals.

4.2. Phytosterols

Insects cannot synthesize sterols de novo and are absolutely
dependent on dietary supply of sterols (Canavoso et al., 2001; Beh-
mer and Nes, 2003). Fungi- and plant-eating insects encounter
around 100 different sterol structures in their diet (Akihisa et al.,
1991). Many phytophagous insects can dealkylate phytosterols
and convert them to typical animal sterol-cholesterol (for numer-
ous examples, see Table 52 and Behmer and Nes, 2003). Some in-
sects, however, have lost dealkylation capacity in evolution,
probably with their transition to animal diet (Behmer and Nes,
2003). Primitive heteropterans were probably predators, while
plant feeding has arisen secondarily in them. That is probably
why heteropterans cannot dealkylate phytosterols and must use
them as architectural components of their membranes as well as
precursors of their specific ecdysteroid hormones-makisterones
(Svoboda, 1999; Behmer and Nes, 2003). The structural features
of plant sterols, such as desaturation of tetracyclic nucleus and,
mainly, the length, orientation, branching, and desaturation of
the alkyl side chain dictates whether the plant sterol will serve
as a good structural component of an animal membrane (Behmer
and Nes, 2003). It has been shown that p-sitosterol and campester-
ol can functionally replace cholesterol in animal membranes. Sim-
ilarly as cholesterol, these phytosterols prefer interactions with
saturated PCs or SMs and exert condensing and ordering effects
on them (Su et al., 2007; Hac-Wydro et al., 2009; Hodzic et al.,
2008). Fruit fly, D. melanogaster, for instance, has fungal ergosterol
as the predominant membrane sterol, which participates on for-
mation of rafts similar to vertebrate cholesterol-ordered rafts
(Rietveld et al., 1999).

We found relatively high contents of p-sitosterol and campes-
terol in P. apterus tissues (Fig. 2) and in the seeds of linden tree
(Table S2) which is the major diet of P. apterus. In contrast, the con-
tents of cholesterol were low (up to 0.8 mol%, Fig. 2). We verified
our analytical method by measuring the free cholesterol content
in human blood serum, which yielded a value perfectly fitting
the range of reference values for healthy human (Table S2). P. apte-
rus bugs are known to feed occasionally on invertebrate cadavers
in the field, which may explain the presence of low quantities of
cholesterol in their tissues. Higher relative amounts of sterols were
systematically found in the fat than in the muscles. This is in accor-
dance with the function of fat body as a storage center for lipid
molecules, including sterols (Jouni et al., 2002; Arrese and Soulag-
es, 2009). Free sterols are mostly present in the cell membranes
but they also occur in the lipid monolayers forming the envelopes
of lipid droplets. Large lipid droplets occur abundantly in fat body
cells and the total lipid content varies widely between 1 and 10 mg
per fat body depending on adult age (low in young, 1-3 d old indi-
viduals, higher in older animals), developmental mode (high in
early diapause animals, decreases gradually during diapause devel-
opment), and phase of reproduction cycle in females (high during
early phases of egg production, low when mature eggs are present)
(Sula et al., 1998). Considering such variation, it is difficult to as-
sess what part of the observed winter increase in phytosterol con-
tent is caused simply by increasing the number of lipid droplets
containing sterols in their envelopes and what part means the in-
crease of relative proportion of sterols in cell membranes.

Increasing sterol content is known to have ordering, rigidifying
effect on fluid membranes. Sterols together with saturated PCs and
SMs are major constituents of highly ordered membrane domains
rafts in both vertebrates and insects (Rietveld et al., 1999; Zhuang
et al,, 2002). Since the low winter temperatures exert the same
ordering effect on membranes as the high content of sterols, it
seems as counterintuitive to accumulate sterols for winter. The ste-
rol molecules, however, disrupt tight packing of PLs and prevent
the membrane transition from the functional, liquid crystalline
phase to a non-functional, highly ordered gel phase (Chapman,
1975). Thus, the adaptive meaning of sterol accumulation for win-
ter season may be similar as in the case of accumulation of other
non-bilayer forming species such as unsaturated PEs, i.e. lowering
the transition temperature T, from the liquid crystalline to gel
phase (Cossins, 1977; Crockett and Hazel, 1995; Hazel, 1995).
Additionally, high concentrations of sterols in membrane, and sub-
sequent increase in membrane order, result in decreasing the rate
of ion leakage, decreasing the activities of membrane-bound en-
zymes (Haines, 2001), and decreasing the sensitivities of receptor
molecules to their ligands. This effect is known as molecular freez-
ing of the receptor molecule in the lipid matrix (Liu et al., 1994;
Storlien et al., 1996; Clarke et al., 2000). Most insects overwinter
in a state of diapause, which is characterized by developmental ar-
rest, low activity and metabolic suppression (Kostdl, 2006). Thus, it
is possible that high winter sterol contents may contribute to dia-
pause by decreasing the overall rates of membrane-bound pro-
cesses and signaling.

4.3. Tocopherols

Tocopherols (or vitamins E) are minor but ubiquitous constitu-
ents of cell membranes. Their concentrations in vertebrates typi-
cally range between 0.1 and 1.0 mol% (McMurchie and McIntosh,
1986; Wang and Quinn, 1999; Atkinson et al.,, 2008). Practically
nothing is known about the content of tocopherols in insect mem-
branes. Apart from their well recognized primary function as anti-
oxidants acting to prevent free radical damage to unsaturated
membrane lipids (Traber and Atkinson, 2007), the structural roles
of tocopherols in membrane architecture are important (Quinn,
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2007; Atkinson et al., 2008). Although the evidence is not yet con-
clusive, it seems that tocopherols preferentially incorporate into
hyper-fluid PUFA-rich domains (Atkinson et al. 2010) and stabilize
them in a role parallel to that fulfilled by cholesterol in highly or-
dered rafts. In addition, there is good evidence that tocopherols
form complexes with LPLs or FFAs and counter their detergent-like,
membrane-destabilizing effects, based on restoring the amphipatic
balance in a complex (Erin et al., 1986; Quinn, 2007; Atkinson
et al., 2008).

We observed unusually high concentrations of v and & tocophe-
rols in P. apterus tissues (Fig. 2). As in the case of phytosterols, the
tocopherol concentrations were higher in fat than in muscles (see
above). The maximum content was 8.6 mol% in muscle and it was
as high as 31.3 mol% in fat. It is likely that high tocopherols in P.
apterus tissues reflect high tocopherol content in the seeds of lin-
den tree (Table S2). As in the case of phytosterols, accumulation
of tocopherols during cold season was observed in both tissues.

The basic effect of tocopherols on membrane order is similar to
that of cholesterol, it means that tocopherols order the liquid crys-
talline phase but disorder the gel phase (Stillwell et al., 1996). The
stabilizing effect of tocopherols on liquid crystalline membranes is
probably explained by their preferential association with unsatu-
rated acyl chains, which reduces the fluidity of these structures
(Atkinson et al., 2008). Similarly as in sterols, increasing propor-
tions of tocopherols cause progressive broadening and decrease
of T, (Massey and Pownall, 1998; Wang and Quinn, 1999) and thus
may counteract the unregulated transition to non-functional gel
phase at low body temperatures during winter. Further, the inter-
action of tocopherols with PLs results in decreased permeability of
membranes to ions and small polar solutes (Quinn, 2007), which
may contribute to energy savings and conserving the electrochem-
ical potentials during winter dormancy. Another adaptive explana-
tion may be based on close co-localization of tocopherols with
highly unsaturated membrane lipids in P. apterus, which concen-
trates tocopherols to the site where their anti-oxidant activity is
most required. Oxidative damage to PUFA may occur repeatedly
and unpredictably in overwintering insects such as P. apterus,
where periods of very low metabolism of deep dormancy during
cold spells are altered with periods of higher activity and oxygen
reperfusion at warmer temperatures when the insects move, feed,
drink and bask on tree trunks (Kostal and Simek, 2000; Kostal et al.,
2008).

Collectively, new results on minor phospholipid classes, lyso-
phospholipids, free fatty acids, phytosterols and tocopherols in
heteropteran insect, P. apterus significantly extend our understand-
ing of seasonal changes in lipidomic composition of insect cell
membranes. Functional assays are now required to test hypotheses
on adaptive meaning of such changes. Lowering the transition tem-
perature T,, and thus preventing the unregulated transition from
functional liquid crystalline phase to non-functional gel phase dur-
ing winter time is a theme unifying the winter accumulations of
PEs (Hodkova et al., 2002; Tom¢ala et al., 2006), phytosterols and
vitamin E (this study). High concentrations of phytosterols and
vitamin E in membranes may also decrease the rates of ion/solute
leakage, save energy required for ion pumping, and silence the
activities of membrane bound enzymes and receptors. In addition,
high levels of vitamin E may counteract the higher risk of oxidative
damage to PUFA in winter membranes.
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ABSTRACT

A novel 1,1,1,2,2,3,3-heptafluorobutyl chloroformate reagent (HFBCF) was examined for in-situ deriva-
tization of amino-carboxylic metabolites in human urine. The arising reaction products exhibit greatly
reduced polarity which facilitates combining the derivatization and liquid-liquid microextraction (LLME)
from an aqueous urine into an isooctane phase and immediate gas chromatographic-mas spectrometric
analysis (GC-MS). The sample preparation protocol is simple, proceeds without an alcohol excess and
provides cleaner extracts than other urinary GC-MS based methods. Moreover, thiol metabolites bound
in disulfide bonds can be released by reduction with tris(3-hydroxypropyl)phosphine (THP) prior to the
developed derivatization and LLME step. In order to evaluate potential of the novel method for GC-MS
metabolomics, reaction products of 153 urinary metabolites with HFBCF, particularly those possessing
amino and carboxyl groups (56 amino acids and their conjugates, 84 organic acids, 9 biogenic amines,
4 other polar analytes) and two internal standards were investigated in detail by GC-MS and liquid
chromatography-mass spectrometry (LC-MS). One hundred and twenty metabolites (78%) yielded a sin-
gle product, 25 (16%) and 2 metabolites (2-methylcitrate, citrate) generated two and more derivatives.
From the examined set, analytically applicable products of 5 metabolites were not detected; the deriva-
tives of 3 metabolites were only suitable for LC-MS analysis. Electron ionization (EI) of the examined
analytes contained characteristic, diagnostic ions enabling to distinguish related and isomeric struc-
tures. The new method was validated for 132 metabolites using two internal standards in artificial urine
and with special attention to potential disease biomarker candidates. The developed sample preparation
protocol was finally evaluated by means of a certified organic acid standard mixture in urine and by
GC-MS analysis of 100 morning urines obtained from healthy patients (50 males and 50 females), where
112 physiological metabolites were quantified in a 25 p.L sample aliquot. The quantification data for the
set were satisfactory, most metabolites were found within the range reported in the reference human
metabolome (HMDB) database and literature. The reported results suggest that the described method
has been a novel promising tool for targeted GC-MS based metabolomic analysis in urine.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

virtually reflects metabolic processes in cells and, consequently,
health and disease status of organism. As the urine collection is non-

Human urine is a complex biofluid of hundreds small polar
metabolites that are excreted by kidney in a buffered aque-
ous medium containing high portions of inorganic salts, urea
and other ionic organic species. The metabolite profile in urine

* Corresponding author.
E-mail addresses: simelk.bc@gmail.com, simek@bclab.eu (P. Simek).

http://dx.doi.org/10.1016/j.chroma.2016.03.019
0021-9673/© 2016 Elsevier B.V. All rights reserved.

invasive, analysis of urine has been a widely used diagnostic tool
and new strategies expanding the metabolite coverage by means of
separation-based technologies coupled to mass spectrometry (MS)
are of a great interest for targeted metabolite analysis, metabolite
profiling, metabolic fingerprinting and metabolomics [1-3].

Gas chromatography coupled to mass spectrometry (GC-MS)
has been an efficient tool for comprehensive urinary metabo-
lite analysis due to its high separation efficiency, sensitivity and
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robustness [4,5]. In comparison to the concurrent liquid chro-
matography (LC) or capillary electrophoresis (CE) coupled to
atmospheric pressure ionization (API) MS detection, GC-MS bene-
fits from lower matrix effects of co-eluting components and library
searchable electron ionization (EI) mass spectra. On the other hand,
the application range of GC-MS is limited to sufficiently volatile
and thermally stable analytes so that the small polar metabolic
entities of primary concern in urine such as amino and carboxylic
acids have to be derivatized prior to GC analysis. As the urinary
analytes usually contain multiple active hydrogen containing func-
tional groups, their effective comprehensive analysis requires use
of general-purpose reagents, preferably those that allow direct con-
version of analytes in urine, in situ.

Many derivatization methods were explored in the past for
treating as much as possible urinary metabolites. Among them,
two-step oximation-silylation approach was the most widely used,
typically using methoxylamine (MO) and a subsequent silylation
with a trimethylsilyl (TMS) or tert-butyldimethylsilyl (TBDMS)
reagent [6-10]. The oximation step prior silylation converts alde-
hyde and keto groups into oximes and inhibits thus multiple
peak formation of sugars and cyclization and decarboxylation
of ketocarboxylic acids [4,5]. The silylation procedure requires
strictly anhydrous conditions and was mainly efficient for GC-MS
analysis of O-silylated compounds, typically sugars [11,12] and
steroids [13]. However, silylated protic sulfur and nitrogen func-
tional groups are much less stable and prone to hydrolysis in the
presence of water traces. The metabolites having NH, group often
provide mono and double-silylated forms that continue to react
in the reagent excess. Moreover, they are themselves very reac-
tive donors of the silylation group and often decompose in GC
injector port or even on the large specific surface area of a GC
capillary column [14]. These phenomena undoubtedly affect the
yield of each metabolite derivative to a different extent and can
be a source of biases that complicate correction and standardiza-
tion of the obtained metabolomic data and may eventually lead
to misinterpretations [15-17]. Despite the extensive use of the
oximation-silylation procedures in GC-MS metabolite profiling for
more than 4 decades, the described practical problems stimulate
looking for alternative sample preparation strategies.

Derivatization with alkyl chloroformates (RCFs) has been
increasingly popular approach. Unlike silylation, the RCFs smoothly
convert highly polar functional groups into the corresponding N-
carbamate and (S, O)-carbonate carboxylic esters in the presence
of the corresponding alcohol and pyridine catalyst. The reaction
is quickly stopped by depletion of the reagent and the arising
products are simultaneously extracted into an immiscible organic
solvent layer which is directly amenable to GC-MS analysis [18,19].

In urinary analysis, the simple and cost-effective RCF mediated
derivatization and concurrent liquid-liquid microextraction proce-
dure was first applied to GC profiling of 44 organic acids [20] and
branched chain carboxylic, keto, hydroxy and amino acids useful
in diagnosis of maple syrup urine disease [21]. However, succinic
and glutaric dicarboxylic acid and their analogues being impor-
tant markers of impaired enzyme functions underwent undesired
internal cyclizations to unstable anhydrides in the first studies. The
facile esterification of a wide range of di- and tri-carboxylic acids
with methyl and ethyl chloroformates (MCF, ECF), but not with less
reactive RCFs of higher alkyls, was resolved by repeated addition
of the reagent in presence of sodium hydroxide [22]. The improved
sample preparation protocol enabled to increase metabolite cov-
erage for simultaneous profiling of amino carboxylic species and
has been successfully applied for GC-MS metabolomic analysis in
various biological matrices [23-32].

The promising analytical features of the RCF reagents encour-
aged, by analogy with the historical development of perfluoroacyl
reagents (anhydrides or imidazoles), research of chloroformates

with fluorinated alkyls of a various chain length. Vincenti et al.
[33-36] synthesized and employed long-chain fluoroalky!l chlo-
roformates (FCFs) in GC-MS analysis of small very polar water
disinfection by-products. A short chain trifluoroethyl chlorofor-
mate (TFECF) was prepared and examined to chiral separation of
a set of amino acids by Abe et al. [37,38]. Analytical properties of
RCFs with a pentafluoropropyl (PFPCF) or heptafluorobutyl (HFBCF)
moiety were extensively studied by HuSek and co-workers [39-41].
Unlike the common RCFs, the FCF reagents are more reactive and
capable to transform the target protic functional groups under pyri-
dine catalysis without a presence of analogous alcohol. FCFs with
five or seven fluorine atoms are stable and exhibit excellent volatil-
ity enabling enantiomeric separations of amino acids [40-42].

The HFBCF reagent was found highly efficient in nonchiral &
chiral profiling of amino acids in human serum [43 44|. The sam-
ple preparation protocol comprised three simple steps; (i) release
of bound thiols by a novel reducing agent 2,3-dimercaptopropane
sulfonate (DMPS), (ii) protein precipitation by perchloric acid and
(iii) direct treatment of the supernatant with HFBCF in isooctane
that simultaneously allows transfer of the nonpolar derivatization
products into an immiscible organic phase. In this way, extraordi-
nary clean extracts were obtained enabling plasma/serum GC-MS
metabolite analysis in the full scan MS regime [43]. Moreover,
amino acid derivatives with HFBCF exhibit excellent chiral sepa-
ration properties on Chirasil-Val phases that outperform other RCF
amino acid derivatives hitherto examined; more than 35 amino
acid enantiomeric pairs were separated and analyzed by GC-MS
in human serum, except the D,L enantiomers of arginine and cys-
tine (not eluted) and proline (not separated), [44]. Furthermore,
FCFs have been shown highly reactive towards alicyclic hydroxyl
in steroids and tocopherols under anhydrous conditions [45].

The HFBCF-mediated sample preparation strategy undoubtedly
indicates very good perspectives in GC-MS profiling of other acidic
and multifunctional metabolites occurring in urine and which, to
our knowledge, has not yet been investigated. However, for stan-
dardization of a novel, effective GC-MS metabolomics method,
qualified experimental data sets must be acquired in order to guar-
antee comparability among the particular samples. This requires
thorough knowledge of the properties not only of the obtained
metabolite derivatives but also abundance of possible side prod-
ucts, their stability, possible metabolite inter-conversions and
cross-reactions [15].

This study expands the current knowledge by development a
new GC-MS method for urinary metabolomic analysis. To evalu-
ate the new method, reaction products and analytical properties
of more than 150 known urinary metabolites, particularly those
possessing amino and carboxyl groups, were investigated. The
developed sample preparation protocol involves an immediate
conversion of disulfides into thiols by the tris(3-hydroxypropyl)
phosphine (THP) reducing agent [46] followed by in situ treatment
of urine with HFBCF under pyridine catalysis. The derivatives pos-
sessing highly non-polar HFB moieties are concurrently transferred
from urine into an isooctane immiscible layer by the employed
liquid-liquid microextraction principle (LLME). The developed
sample preparation protocol was evaluated by means of the ana-
lyte calibration in artificial urine, by determination of 19 diagnostic
metabolites in a certified urine standard, and finally, by GC-MS
analysis of 100 morning urines obtained from control adult subjects
of both genders.

2. Experimental
2.1. Urine samples

Aliquots of the morning, second-void urine samples were gath-
ered from adultclinical staff subjects in the Faculty Hospital Ostrava
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who periodically attended preventive examinations. An informed
consent was obtained from each subject and the participants
claimed no suffering on any evident disease or metabolic disorder.
The urinary creatinine concentration was measured in each sample
aliquot by the colorimetric Jaffe method routinely used in the clin-
ical laboratory. The specimens were supplied in closed plastic vials
with known creatinine level and age of each participant, stored at
4°C and processed within 3 days.

2.2. Chemicals, solutions, reaction media

Solution of protein amino acids (AAS-18) and other amino-
carboxylic metabolites were obtained from Sigma-Aldrich (Prague,
Czech Republic). 2-methylcitric acid (racemate) was purchased
from C/D/N Isotopes (Quebec, Canada). Less common carboxylic
acids 2-hydroxysebacic, 3-hydroxyadipic, 3-hydroxypropionic,
3-hydroxyvaleric and 5-hydroxyhexanoic acid, and glycine con-
jugates hexanoylglycine, methylcrotonylglycine and tiglylglycine
were purchased from Dr. E. Brunet, Dept. Quimica Organica, Uni-
versity Autonoma de Madrid (Madrid, Spain). Urine samples with a
certificated level of the diagnostic organic acid standards (product
ORG-01, batch 2010.007) were obtained from SKB Winterswijk-
MCA (Winterswijk, The Netherlands). The THP reducing agent
and isooctane were purchased from Merck KGaA (Darmstadt,
Germany). Heptafluorobutanol (HFBOH) was supplied by Fluo-
rochem Ltd. (Derbyshire, UK), the HFBCF reagent was delivered by
Genchemss.r.o. (Prague, Czech Republic). Other organic solvents and
chemicals were from Sigma-Aldrich.

The artificial urine was prepared as reported earlier [47]. Stock
solutions of the following chemicals were mixed in water to final
1% urea, 8 mmol L~! creatinine, 7gL~" NaCl and 3 gL' K;S04. A
0.5% aqueous solution of the THP reducing agent was used; a stock
aqueous solution of THP was made 5% and kept in a freezer.

The organic reaction medium consisted of a mixture of
isooctane-HFBO H-HFBCF in volume ratio of 15:1:4; when kept
in refrigerator it remained stable for several months. The catalytic
medium was a 4% (v/v) of pyridine in 1molL~! aqueous sodium
hydroxide; this solution was prepared on monthly basis and kept
in refrigerator.

2.3. Stock and working solutions

Stock solutions of the examined metabolites were prepared
in 100 mmol L~! sodium bicarbonate and stored in freezer. How-
ever, the protein amino acids (AAS-18), homocystine and examined
amines were dissolved in 50 mmol L-1 HCI. For the identification
of urinary metabolites and their reaction products arising after
the HFBCF treatment, a series of 153 di- and tricarboxylic acids,
aliphatic and aromatic acids, protein and non-protein amino acids,
amines, 2-hydroxy and 3-hydroxy acids, glycine conjugates and
some others was examined after diluting the stock solution in water
or in the artificial urine to a 10 pmol L~ concentration.

Solutions of 4-phenylbutyric acid (4PB) and homophenylalanine
(hF) used as LS. were prepared in a 100 mmol L-! aqueous sodium
bicarbonate; concentration of each 1.S. was 200 pmol L~1.

Working solutions at varied concentrations were prepared by
an appropriate dilution of each stock metabolite solution aliquot
with the artificial urine solution.

2.4. Equipment

Glass culture tubes 6 x 50 mm (Kimble-Kontes, Vineland, NJ)
were used for sample handling, 25 mm capillary pipette tips of
gel-loading type from VWR International (Prague, Czech Repub-
lic) enabled suction of the organic phase after completing the
coupled derivatization-extraction step. Adjustable Transferpettor

pipettes of 50-100 L volumes with glass capillaries were supplied
by Merck (Darmstadt, Germany) and were employed for dispens-
ing the organic phase with the reagent. The reaction mixture was
agitated by a REAX 1 vortex shaker from Heidolph (Schwabach,
Germany). A portable Gilson centrifuge PMC-880 (6200 rpm) used
for separation of immiscible layers was supplied by Labmark
(Prague, Czech Republic).

2.5. Sample preparation procedure

Inthe 6 x 50 mm glass culture tube, 25 L of urine was gradually
mixed with 25 pL of the LS. mixture, 25 pL of the 0.5% THP reducing
agent and left to stand for 1 min (or longer). Next, 50 p.L of the reac-
tive organic medium and 25 p.L of the catalytic medium were added
and the content was vortexed for 3 s leaving the dispersed organic
phase still cloudy. After second addition of 25 pL of the catalytic
medium, the arising two-phase system was shaken for 5s, until
the dispersed milky organic phase turned clear. Finally, 50 ul of
isooctane plus 25 pL of 1 mol L~ aqueous HCl was added, the mix-
ture was vortexed for 3s and the upper organic phase aspirated
into an autosampler vial (alternatively after a brief centrifugation
at 3000 rpm) and 1 pL injected into a GC-MS system.

For the study of the HFBCF treated metabolite reaction prod-
ucts, the same protocol was used except the human urine matrix
which was replaced by the same volume of the artificial urine. If
there was no expected product detected by GC-MS, the metabo-
lite standard was treated again, the 1 mol L~ aqueous HCl addition
step was omitted and the reaction products were searched, after
evaporation of the isooctane phase and mobile phase dilution, by
LC-MS analysis.

Note. Manipulation of the HFBCF reagent should be performed in
a well-ventilated area (fume hood). After application, autosampler
syringe should be rinsed with propan-2-ol followed by isooctane
to prevent corrosion of the plunger.

2.6. Instrumental analysis

2.6.1. GC-MS

A 7890A gas chromatograph with 5975C mass spectrometric
detector (Agilent Technologies, Santa Clara, CA) equipped with
capillary flow technology and multi-mode injector (MMI) was
employed for GC-MS analysis. A30m x 0.25 mm i.d., 0.25 pm film
thickness ZB-XLB fused silica capillary column (Phenomenex, Tor-
rance, CA) was operated at helium flow of 1.2mLmin~! and a
temperature program from 60°C at 5°Cmin—' to 240°C and then
at 20°Cmin~"! to 320°C (total analysis time of 38 min). The tem-
peratures of the El ion source, the quadrupole and the transfer
line were 230, 150 and 250°C, respectively; the electron ioniza-
tion (EI) energy was 70 eV. Splitless injection of 1 p.L at the column
head pressure of 113 kPa (hold for 0.75 min) was carried out into
a4.0mm ID Blue Sky™ cyclo double tapered gooseneck inlet liner
(Restek, Bellefonte, PA); the MMI temperature was maintained at
220°C. The EI mass spectra of the derivatized metabolites were
studied by using a full-scan mass range mode of 40-1050 Da (scan
speed 2.7 scans s~ ).

For metabolite profiling and targeted quantification either full
scan 53-900 Da (4.2 scans s~') or selected ion monitoring (SIM) of
the two appropriate diagnostic analyte fragment ions, q1 (quan-
tification) and q2 (confirmation) were used. The SIM parameters:
35 time sequence groups, maximum 12 ions in each group, the
electron multiplier voltage was set 1318 V. Data were acquired and
processed using MSD ChemStation (version E.02, Agilent).

Structural elucidation of the HFBCF treated metabolites was fur-
ther performed with the assistance of positive chemical ionization
(PICI). A quadrupole mass spectrometer DSQ (Thermo Scientific,
San Jose, CA, USA) equipped with a Cl ion volume was employed.
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The prepared HFBCF derivative of the investigated metabolite was
injected into a Restek glass Siltek deactivated liner using the split-
less mode; the injection volume, 1 pL; the split valve opened after
0.7 min. The injector temperature was set at 240 °C. The GC column
was Agilent VF-5MS, 30m x 0.25mm i.d., 0.25 pm film thickness
(HPST s.r.0., Prague, Czech Republic). The oven was initially held at
50°C for 1.5 min, raised at 20 °Cmin~"! to 170 °C and at 30°C min~!
to 300°C and held for 1 min. Helium carrier gas flow rate was
1.1 mLmin~', the ion source temperature was held at 180°C and
the transfer line at 250 °C. PICI mass spectra were collected in the
full scan regime (90-1150Da, 2.5 scans s~!). Isobutane was used
as the reagent gas at a flow rate of 1.5 mLmin~!. The Thermo Sci-
entific Xcalibur 2.0 software was used for the data acquisition and
processing.

2.6.2. LC-MS

Structure of some HFBCF derivatized reaction products was
further investigated by LC-MS on an Accela 600 coupled to LTQ-
XL mass spectrometer (Thermo Scientific, San Jose, CA, USA). A
150 x 2.1 mm, 5 pm Kinetex C18 column (Phenomenex, Torrance,
USA) was used for separation of the detected components at
25°C using methanol and water containing 5mmolL~! ammo-
nium formate (pH=4.5) as the mobile phase. The initial methanol
concentration of 30 vol% was linearly increased to 100% within
10 min and the composition kept at 100% for 3 min; flow-rate was
set at 250 pwlmin~'; injection volume, 5 L. Positive ion ESI mode
detection was used with the following parameters: capillary tem-
perature of 275 °C; vaporizer temperature of 150 °C; source voltage,
4kV; capillary voltage 40 V; nitrogen served as a desolvatation gas.
The Xcalibur 2.0 software was used for the data processing.

2.7. Method calibration and validation

Once the HFBCF metabolite reaction products were unequivo-
cally elucidated, we consulted the literature with respect to the
metabolite abundance, mainly the Human Metabolome Data Base
(HMDB). From the examined set, 135 metabolites were further
measured by the developed GC-MS method in the averaged urine
sample obtained by mixing of 10 random male and 10 female
urines without and after the addition of the corresponding metabo-
lite standard at the approximately estimated medium level (L3)
reported in Table 1.

For the calibration, the metabolite pool was divided into four
groups and a five-point calibration plot was obtained from a
triplicate GC-MS analysis of each metabolite in the artificial
urine at a level L1, L2, L3, L4 and L5. The lower (L1 and L2)
and higher calibration points (L4, L5) were 10 times, 2.5 times
diluted, and 2.5 times and 10 times increased to the respective
reference medium L3 concentration level. To cover the whole
range of physiological concentrations inclusive a random occur-
rence of highly elevated levels of some metabolites, particularly
those diagnostic for inherited metabolic disorders, an additional
level L6 (25 times higher concentration to the reference L3
level) was calibrated for several biomarker candidates summarized
in Table 2, i.e. 3-hydroxyisovalerate, methylmalonate, ethyl-
malonate, glycolate, fumarate, tiglylglycine, 3-hydroxybutyrate,
3-methylglutarate, 2-ketoglutarate, 4-hydroxybutyrate, hexanoyl-
glycine, adipate, glycerate, 2-hydroxyglutarate, N-acetylaspartate,
pyroglutamate and suberate.

The calibration curves were constructed by plotting the peak
area ratios of each metabolite to a proper LS. against its concen-
tration in the artificial urine. The non-physiological amino acid
homophenylalanine served as 1.S. for determination of amino acids
and biogenic amines, while acidic metabolites were normalized
to 4-phenylbutyrate, refer for the analytes in Table 1, No. 103
and 63, respectively. Urinary metabolite concentration levels were

deduced from the regression calibration curves obtained by the
linear regression of the L1-L5 (L6) calibration points.

The limit of detection (LOD) was determined by a serial dilution
of each derivatized metabolite in the artificial urine as the concen-
tration at which a signal/noise (S/N) ratio of 3:1 was achieved. The
lower limit of quantification (LLOQ) was estimated as the lowest
L1 point of the calibration curve (obtained with the RSD=<20%,
Table 1), because concentration levels of the determined metabo-
lites in urine samples were rarely found below this level.

Method precision and accuracy for each analyte were deter-
mined by GC-MS of the separate metabolite mixture in the artificial
urine at low (L1), medium (L3) and high (L5) level; precision was
evaluated from the relative standard deviation (RSD, %) of the three
replicates. Accuracy was calculated by direct comparison of mean
measured level of each spiked analyte with the expected concen-
tration. The analytical protocol was further evaluated by measuring
a certified set of 19 analytes in the reference urine (ORG-01). The
given concentration values were compared with those obtained
by the developed analytical protocol and validation criteria of the
method precision, accuracy and stability were evaluated.

The method recovery was assessed by means of the averaged
urine (n=10 of each gender) spiked with the metabolite set at the
medium level (L3) and further by addition of a known amount of
each measured metabolite (5 x the medium level) into the SKB cer-
tified reference urine. The recovery was calculated according to the
formula: (measured concentration in the spiked urine — endoge-
nous concentration)/added concentration * 100.

Statistical calculations were performed with the NCSS 2007 pro-
gram, version 07.1.21.

3. Results and discussion
3.1. Reaction products of metabolites with the HFBCF reagent

Most methods for GC-MS metabolomic analysis have only
described a main reaction product of each metabolite formed dur-
ing the essential derivatization step. However, standardization of a
truly metabolomics method requires detailed knowledge of pitfalls
associated with formation of side-products or a possible conver-
sion of one metabolite to another product or metabolite presentin
the sample. To establish a convenient metabolite set for the tar-
geted GC-MS metabolomics analysis, we first prepared and aimed
to identify the reaction products of more than 150 urinary metabo-
lites. The list of the examined metabolites is compiled in Table 1.

The metabolite set was obtained by reviewing current literature
and metabolite databases, with respect to the capability of RCFs to
block protic functional groups and the current GC technology to
separate the volatile metabolite derivatives. As a result, metabo-
lites possessing mainly amino and carboxyl groups were included
in the list which contained 56 amino acids and their conjugates,
84 organic acids, 9 biogenic amines, 4 other diagnostic urinary
metabolites including 2-propylvalerate (No. 10, valproic acid, an
antiepileptic drug), phthalate (No. 61, a contaminant) and also two
internal standards (4-phenylbutyrate, No. 63; homophenylalanine,
No. 103).

Reaction products of each analyte (typically 1-10 nmol) were
studied in an aqueous medium and artificial urine and their 70eV
EI and isobutane PICI mass spectra were recorded. If the analyte
reaction products were detected poorly or not all, the organic phase
was carefully evaporated and re-dissolved in an LC mobile phase
and positive/negative ES spectra recorded by LC-MS analysis. The
proposed structures for the all examined and detected metabolite
derivatives treated by the HFBCF reagent are summarized in the
supplementary Table S1.
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Table 2
Mean concentration values with 95% confidence intervals for the assessment of the method accuracy, precision and recovery of 19 organic acids by means of the certified
reference urine (SKB, ORG-01).

No.  Metabolite SKB certified urine std. GC-MSmeanvalue(n=16) Accuracy (%) Precision (%) Recovery (%)
Reference 95% Cl Mean 95% Cl Within-run Between-run ~ Within-run  Between-run
(pmolL1) (pmol L-1) (n=16) (n=10) (n=16) (n=10) (n=5)

42a  2-Ketoglutarare 395 350-440 406 384-427 103 102 31 5.8 120
33 3-Methylglutarate 70 66-73 69 66-73 99 93 3.5 6.4 99
24a  3-OH-Butyrate 1192 984-1400 1224 1153-1281 93 101 37 4.0 115
4a 3-OH-Isovalerate 184 162-206 199 187-212 98 95 38 4.5 118
38 4-0OH-Butyrate 87 66-107 104 97-114 102 104 5.4 7.7 97
45 Adipate 217 200-234 230 215-245 101 98 3.6 72 119
65 D-2-OH-Glutarate 187 173-201 200 190-210 97 101 31 31 100
12 Ethylmalonate 99 93-104 96 88-105 97 100 5.5 3.6 117
15 Fumarate 63 57-68 65 59-72 104 96 6.1 8.1 93
30 Glutarate 101 95-107 96 92-101 95 92 31 8.7 99
58 Glycerate 461 391-531 501 461-527 99 98 3.9 21 102
14 Glycolate 194 175-213 203 187-219 105 95 4.9 3.5 97
39 Hexanoylglycine 32 28-36 37 34-40 96 107 5.4 58 97
8 Methylmalonate 1473 1343-1603 1501 1432-1569 102 94 27 3.5 116
66 N-Acetylaspartate 3266 2647-3885 3792 3588-3964 106 102 33 7.0 101
69 Pyroglutamate 2414 1832-2996 2538 2405-2756 90 88 43 6.8 103
95 Sebacate 214 189-239 230 216-243 103 105 3.7 4.1 96
72 Suberate 216 198-234 215 202-225 99 97 34 3.8 92
23 Tiglylglycine 89 79-100 85 82-88 95 a0 26 6.2 81

In accordance with our previous experience [47], majority of the
tested metabolites provided a distinct single peak (120 analytes,
78%) in the TIC GC-MS chromatogram.

The HFB ester of pyruvate (Table 1, analyte No.1) was also
detected, but its diagnostic fragment ion m/z 43 ion was overlapped
by the El signal of the solvent peak on the used GC column. A
relative TIC El response of the minor detected side-products that
arise particularly from the not completely derivatized functional
groups, was mostly <4% compared to the peak of the expected
major derivative. The less reactive OH groups in 3-hydroxy car-
boxylic acids (Table 1, metabolites No. 4, 9, 24, 79), hydroxyamino
acids (threonine, No. 57; hydroxyprolines, No. 89, 94) and histidine
(No.114) remain partly untouched and thus typically two products,
designated with a suffix a, b were observed, refer to Tables 1 and 3.

Functional groups of cystine (No. 137) and homocystine (No.
145) are completely derivatized by the HFBCF reagent. However,
the THP reduction step of these sulfur amino acids that possess a
disulfide bond converts them completely to the respective cysteine
and homocysteine [39], [43], and thus the total content of cysteine-
cystine and homocysteine-homocystine metabolites is measured.

Biogenic amines, putrescine (No.105a), cadaverine (No.123a)
provided, in addition to the assumed carbamate derivatives, the
respective minor isocyanate-carbamate side-products (Table 3, No.
105b, 123b). Two isomeric peaks were further formed in the case
of 2-ketoglutarate (No. 42a, b), lysine (No. 119a, b) and at some
acylated amino acid metabolites, typically at N-acetylglycine (No.
37), N-hexanoylglycine (No. 39), and hippurate (No. 78) that show
tendency to dehydration and cyclization reactions (with a water
loss).

The reaction route is apparently more complex in polyfunctional
organic acids (No. 21, 60, 68). For instance, the HFBCF treatment
of citrate which possesses three sterically hindered carboxyls and
an OH group, results in formation of three products; one of them
arises by rearrangement to cis-aconitate (No. 60c) in a small extent.
Glutamine (No. 107) which is not stable in solutions [48] provided
minor products of pyroglutamate (No. 69) and glutamate in the
HFBCF reaction medium. Consequently, an option of the metabolite
conversion into another one should always be taken into account,
particularly, when data sets of two metabolite stages have to be
compared.

The last studied group represents metabolites (Table 1, No.
147-155) which were not found suitable to GC-MS analysis. Meval-

onate (No. 147) did not provide a satisfactory GC peak. As it
was proved by LC-MS analysis, only the carboxyl was esterified,
while the 3-OH and 5-OH groups were not acylated. Similarly,
the amino-carboxylic functional groups of citrulline (No. 148) and
arginine (No. 149) were smoothly derivatized with HFBCF; how-
ever, the respective guanidine and ureido groups remained nearly
untouched. LC-MS analysis not only proved the arising double-
derivatized products (data not shown) but also revealed high
efficiency and selectivity of the ESI process for detection of both
amino acids and also for histidines (No. 108, 114, 116) and cre-
atinine (No. 150). It is interesting to note that LC-MS analysis
showed that the guanidino group is treated to some extent (No.
149b). Nevertheless, the corresponding minor Arg product remains
strongly polar and/or thermally labile and thus not detectable by
GC-MS.

With exception of the above metabolites (No. 148-150 and 108,
114, 116) and partly lysine (No. 119), the strongly nonpolar and
electron withdrawing properties of the HFB group have detrimen-
tal effect on the positive ion ESI ionization efficiency of the other
metabolites examined making them useless for positive ESI detec-
tion. LC-MS analysis further proved that urea (No. 151) and uric
acid (No. 152) highly abundant in urine, are not treated with HFBCF
and thus remain in the aqueous phase after the LLME. The absence
of urea and other highly polar metabolites and salts in the organic
extraction phase brings a distinct plus over traditional silylation
methods where ureais derivatized and its high content may overlap
other co-eluting metabolites. The urea interference must therefore
be strictly checked and often eliminated by prior treatment with
urinase before silylation [49]. Some tested metabolites, particu-
larly those sensitive to oxidation, afforded no analyzable reactions
products by GC-MS or LC-MS under the examined reaction condi-
tions.

Among them we found particularly labile dihydrox-
yphenyl carboxylic acids (metabolites No. 153-154), i.e.
3,4-dihydroxyphenylacetic and 3,4-dihydroxymandelic acid
and further oxaloacetate. The last metabolite is known to decom-
pose rapidly in aqueous solutions, particularly under catalysis of
inorganic cations [50]. Finally, biogenic amines metanephrine (No.
136), normetanephrine (No. 140) exhibited rather irreproducible
reaction yields, are present in urine at very low levels and therefore
were not subject to further study.
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Fig. 1. Electron ionization mass spectra of the HFBCF treated metabolites: (A) palmitate (No. 121); (B) succinate (No. 17); (C) glutarate (No. 30), (D) adipate (No. 45).

3.2. Mass spectra of the HFBCF derivatives

The HFBCF derivatization of protic groups yields the relevant
HFB esters and carbonates, carbamates and thus increases molecu-
lar mass of analytes by 182 and 226 daltons, respectively. Majority
of the examined urinary metabolites (Table 1, metabolites No. 1-
146) provided well defined El spectra with a weak molecular ion in
most cases, but characteristic fragment ions. Nevertheless, isobu-
tane PICl ionization gently ionized all the HFBCF treated derivatives
providing a distinct [M+H]* molecular ion and enabled thus con-
firmation of the molecular mass and structural features. While
diagnostic Elions of the HFBCF treated serum amino acids and some
steroids, sterols and tocopherols have been reported in the past
[43-45], El spectra of urinary metabolites, particularly of carboxylic
acids, have not been described yet.

Palmitate (Table 1 and the supplementary Table S1, metabo-
lite No. 121) represents a simple example of a metabolite with
a carboxyl group. The El spectrum of the palmitate HFB ester
(Fig. 1A) resembles the EI spectrum of the common palmitate
methyl ester which is available in commercial mass spectral
databases. The main unimolecular M*- decomposition route of m/z
438 proceeds via reaction initiation on the carbonyl group [51]
by known reactions; B-cleavage with y-hydrogen McLafferty rear-
rangement yielding a highly characteristic fragment ion m/z 242
(analogous to methyl ester m/z 74 ion fragment). The strongly elec-
tron withdrawing HFB moiety evidently increases abundance of the
molecular ion (M™, m/z 438) and a a-cleavage product which gives
characteristic (M-199)", i.e. m/z 239, an OCH;CF,CF5CF3- radical
loss. Further decomposition of the arising alkyl moiety produces
characteristic m/z 55/57, 69/71, 83/85, 97/99, 111/113, 125/127,

139/141CpHzn-1/CaHp+ ion series. The HFBOCO(CH; ), " ion series
arising from the alkyl radical loss, i.e m/z 255, 269, 283, 297, 311,
325, 339, 353, 367, 381, 395 and 409 exhibit a similar abundance
periodicity as the EI spectrum of methyl palmitate in the NIST 2.0
mass spectral database. On the other hand, the COOCH,CF,CF,CF3-
loss, i.e. mfz 211 (M-227)" remains very small. The El spectrum fur-
ther contains fragment ions corresponding to the pieces of the HFB
moiety; m/z 69, CF3*; mfz 119, CF3CF,"; m/z 183, CF3CF,CFaCH, ™5
m{z227,CF;CF,CF,CH,0CO™. Finally, loss of hydrogen fluoride (M-
HF)* is sometimes observable from M* and some fragment ions.

Introduction of a second HFB ester group in the structure of
dicarboxylic acids significantly changes appearance of their El spec-
trum. Molecular ions are small and, with the exception of oxalate
(No. 2), where m(z 183 (CF3CF,CF,CH,*) ion from the fluoroalkyl
chain dominates, a-cleavage of the CF3CF,CF, 0 radical providing
(M-199)* dominates at dicarboxylates. EI spectra of C4-C6 dicar-
boxylates (No. 17, 30, 45) are depicted in Fig. 1B-D. An increasing
number of methylene units facilitates hydrogen rearrangements
with the saturated oxygen atom of the ester group. The concurrent
CO loss results in formation of characteristic doublets of (M-227)*
and (M-228)*, giving rise to characteristic m/z 269, 283 (M-
00CCH,CF,CF;CF3)" and m/z 268, 282 (M-HOOCCH; CF,CF,CF3)™,
Fig. 1C and 1D. Furthermore, the increasing chain length increases
probability of B and y-cleavages resulting in the corresponding (M-
(CH3)12CO0CH,CF;CF,CF3)* losses without or with a hydrogen
rearrangement; as indicate m/z 255, 240 and m/z 269, 255 in Fig. 1C
and D, respectively.

Influence of a more labile carbonate group in 2-, 3-, 4-
hydroxycarboxylic acid derivatives (No. 19, 24a, 38) on the
appearance of the El spectrum is documented in Fig. 2A-C. While
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Fig. 2. Electron ionization mass spectra of the HFBCF treated metabolites: (A) 2-OH-butyrate (No. 19); (B) 3-OH-butyrate (No. 24a); (C) 4-OH-butyrate (No. 38).

proximity of the 2-OH group to carboxyl in the 2-OH-butyrate initi-
ates the concurrent (M-OCH,CF,CF,CF3)* providing the main peak
m/z 285 peak, (M-227)", Fig. 2A, a more distant position of the OH
group from the carboxyl makes the ionization process less effi-
cient and m/z 227 ion dominates in the EI spectrum, Fig. 2B and C.
Moreover, a characteristic loss of a neutral heptafluorobutyl hydro-
gen carbonate species m/z 268, (CF3CF,CF,CH,O0COOH, M+--244)
reported earlier at steroid derivatives [45] indicates the presence
of a carbonate functional group in the analyte structure.

Some hydroxycarboxylic acids can be labile in aqueous solu-
tions and tend to oxidation or polymerization reactions with HFBCF.
An example is 3-OH-propionate (No. 52), whose dominant product
was detected as a dimer having molecular mass m/z 527, which was
proved by PICI MS (Fig. 3A1-A2). It is probably formed by dehydra-
tion of the 3-OH group to acrylate which may react with another
3-OH group to the proposed dimer structure (Table S1, analyte No.
52).

Ketocarboxylic acids represent another important group of
urinary metabolites. The HFBCF derivatization leaves the 2-keto
group mostly untouched. The keto group substantially influences
appearance of the ketocarboxylate EI mass spectrum because the
a-cleavage and positive charge retention on the carbonyl part

deliver the dominant acylium fragments m/z 43, 57, 71, 85 etc,,
as exemplified by the m/z 71 peak in Fig. 3B for the derivatized
2-ketoisovalerate (No. 3) and documented in Tables 1 and S1
(metabolites No. 1, 3, 5, 6). Nevertheless, the high HFBCF reactiv-
ity may affect keto-enol equilibrium in more complex structures
and either of the forms can occur. Hence, an important metabolite
2-ketoglutarate (No. 42a, 42b) provided 2 isomeric structures with
nearly identical EI mass spectra and the identical mass m/z 510 in
the PICI MS spectra, Fig. 3, C1-C2. Although MS is not capable to
estimate their exact structure, formation of the two Z, E isomers
may be presumed.

The developed method enabled GC-MS analysis of simpler bio-
genic amines such as putrescine (No.105), cadaverine (No.123) or
tyramine (No.127), Fig. 4A-C. The presence of an amino group bear-
ing the heptafluorobutoxycarbonyl moiety initiates an extensive
a-cleavage providing m/z 256 ion (CF3CF,CF,CH,0OCONH* =CH;)
which is accompanied by the m/z 212 ion (CO; loss), Fig. 4A, B. The
fission of the CF3CF,CF,CH,0(H) moiety is less abundant; it gives
rise to a doublet m/z341, 340 and is followed by the (H)CONH; loss
(m/z 296), Fig. 4A. The presence of a hydroxyl/phenolic group in
biogenic amines yields the corresponding carbonates and their EI
spectrum becomes more complex. The expected consecutive cleav-
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Fig. 3. Mass spectra of the HFBCF treated metabolites: (A1) 3-OH-propionate (No. 52), El spectrum; (A2) 3-OH-propionate (No. 52), PICI spectrum; (B) ketoisovalerate (No.

3), EL; (C1) 2-ketoglutarate-1 (No. 38), El; (C2) 2-ketoglutarate-1 (No. 38), PICI spectrum.

age of the CF3CF,CF,CH,;0(H) moiety and a neutral CO, species
gives rise to a respective m/z 390 and the dominant m/z 346 ion (M-
243)*" in the El spectrum of tyramine derivative (No. 127), Fig. 4B,
while the diagnostic amine ions m/z 256, 212 arising from the typ-
ical a-cleavage and CO; neutral loss, become less abundant. The
aromatic group is also an efficient competitor for the charge reten-
tion. This indicates the distinct m/z 107 peak characteristic for alky!
phenols and the m/z 333 peak, which can be formally deduced as a
loss of the CF3 CF,CF, CH;OCONHCH; radical accompanied by a CO;
elimination (m/z 289), Fig. 4B.

Amino acids typically possess an amino group in the position
2-, 3-, 4- to carboxyl and both functional groups are smoothly
converted to the derivatives providing diagnostic ions in their
EI spectra [43,44]. Ubukata et al. [52] investigated in detail the
El fragmentation pathways of ethoxycarbonyl-HFB esters of ala-
nine, glycine and their 13C-labeled analogues. The high resolution
and tandem MS experiments revealed that the unimolecular frag-
mentation of the RCF derivatized 2-amino acids proceeds via an
uncommon rearrangement initiated by a loss of the alkoxy rad-
ical from the carbamate moiety which is coupled with the CO
elimination from the HFB ester group. The plausible fragmenta-
tion mechanism proceeds via a concurrent rearrangement of the
CF4CF;CF,CH,0- moiety from ester to the ~CONHCH;R* 2-amino
acid residue giving rise to a novel carbamate bond. As a result, the
abundant m/284 peak is observed in the EI spectra of the deriva-
tized 2-aminobutyrates (No. 36, 27), Fig. 5A, 5B. EI spectra of 5
isomeric structures of aminobutyric acid shown in Fig. 5A-E indi-
cate the capability of the HFBCF derivatives for the identification of
structurally close metabolites. A methylene unit between the car-
boxyl and amino group in the 3-aminobutyrate structures, Fig. 5C
and D, enables for amines highly characteristic a-cleavage giv-
ing a principal fragment m/z 270 (CF3CF,CF, CH,OCONHCH;CH; )*

and mfz 256 (CF3CF;CF,CH;0CONHCH;)* in the EI spectra of
the respective 3-aminoisobutyrate (No. 46) and 3-aminobutyrate
derivative. As 3-aminobutyrate is not present in urine, it was not
originally included in the metabolite set and the EI spectrum of its
HFBCF derivative was recorded additionally for comparison, Fig. 5C.
The a-cleavage giving m/z 256 remains a prominent fragmentation
pathway in 4-aminobutyrate (No. 62). A weak m/z 312 peak indi-
cates a CF3CF, CF,CH; 0 radical cleavage which is evidently coupled
with hydrogen rearrangement and thus the CF3CF,CF,CH;OH' loss
giving rise to the most abundant m/z 112 peak in the EI spectrum,
Fig. 5D. Further methylene unit also opens a (3-cleavage pathway
to the intensive m/z 270 peak.

Inspection of the EI spectra of the derivatized-aminobutyrate
isomers shown in Fig. 5A-E reveals further fragmentions indicative
for their different geometrical structure. Thus, the ethyl radi-
cal cleavage gives fragments m/z 482 (M-29)* and m/z 283 (a
CF3CF,CF,CH,0H cleavage accompanied by an ethyl loss) in the
2-aminobutyrate (No. 36) El spectrum, Fig. 5A, while a loss of
methyl in the 2-aminoisobutyrate derivative (No. 27) is less evi-
dent, Fig. 5B. Here the fragment ions indicating the methyl loss
might be m/z 496, (M-15)* or m/z 296 (a CF3CF,CF,CH,0H cleav-
age accompanied by a methyl loss), however, they are weaker than
the ethyl radical cleavages. The remarkably different EI spectra of
the 2, 3 and 4-aminobutyrates underline capability of the HFBCF
derivatization for the structural investigation of isomeric struc-
tures. Moreover, the reported El and isobutane PICI mass spectra of
the HFBCF treated metabolites indicate that the developed method-
ology can be a valuable tool in the structural analysis of many small
protic metabolites by GC-MS.
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Fig. 4. Electron ionization mass spectra of the HFBCF treated metabolites: (A) putrescine (No. 105a); (B) Tyramine (No. 127).

3.3. Sample preparation

The complete sample preparation workflow of the new GC-MS
method for urinary metabolite profiling is shown in Fig. 6. The pro-
tocol involves in-situ release of bound thiols by the THP reduction
of disulfide bonds (step 2-3), pH adjustment (step 4), deriva-
tization of the protic metabolites by the HFBCF-isooctane and
NaOH-pyridine organic and catalytic media (step 5-7), aqueous-
isooctane LLME (step 7), transfer of the residual pyridine into lower
phase by acidification (step 8) and upper organic layer into an
autosampler vial (step 9) and final GC-MS analysis. The powerful
reducing efficiency of THP releases thiol metabolites such cysteine
and homocysteine bound in disulfide bonds in urine in a minute.
Moreover, the reagentis reaction products do not enter the organic
phase during the sample preparation process [46]. If the reduc-
tion step 3 is not required, it can be omitted without any other
protocol change. The in-situ HFBCF mediated sample treatment
is efficient, fast and is coupled with the LLME process which in
fact generates three phases: (i) the upper isooctane organic phase
containing the derivatized metabolites, (ii) the lower aqueous uri-
nary phase bearing excess of the pyridine salt, ionic substances and
(iii) carbon dioxide (CO3 ) which is formed by decomposition of the
HFBCF reagent during the reaction course. The solubility of CO,
in isooctane is one order magnitude greater than in water [53].
Nevertheless, the arising CO; has been well dissolved in the whole
organic-aqueous environment in form of small droplets observed
as a compact dispersed milky phase. The evolving CO, droplets
enhance the effective surface area of both the immiscible organic
and aqueous phase and the final equilibrium is reached quickly

in 5s. The described sample preparation protocol in Fig. 6 can
therefore be classified as a dispersive liquid-liquid microextrac-
tion method capable to transfer the treated protic metabolites in
the upper organic phase. After the reaction is ceased, the CO; gas
phase can be easily removed from the sample extract after fur-
ther acidification by vortexing and/or brief microcentrifugation.
Interestingly, the repeated addition of the pyridine catalyst in an
alkali medium (steps 6-7) facilitates the subsequent reaction of not
yet reacted functional groups increasing thus the yields of many
derivatized metabolites. The sample preparation workflow is sim-
ple; it requires only 25 pL urine sample and successive pipetting
of a particular medium, either in a 25 or 50 pL aliquot in each step
for GC-MS analysis of major diagnostic amino-carboxylic metabo-
lites. The developed protocol is thus faster, much less laborious and
capable to cover wider range of urinary metabolites than the earlier
proposed alkyl chloroformate mediated solid-phase microextrac-
tion [54] and dispersive LLME methods [55].

3.4. Method calibration and validation

For quantification, a set of 132 analytes was selected and their
analytical properties obtained from GC separation and EI MS detec-
tion were evaluated by GC-MS analysis of the prepared standards
in the artificial urine. The tested metabolites were divided into two
standard mixtures containing each metabolite at the medium (L3)
level. A TIC GC-MS record of this comprehensive set of metabolites
(Table 1, No. 2-146) is depicted in Fig. 7. Using the tempera-
ture program, separation and detection of all the metabolites was
accomplished in 38 min.
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Fig. 5. Electron ionization mass spectra of the HFBCF treated aminobutyrate isomers: (A) 2-aminobutyrate (No. 36); (B) 2-aminoisobutyrate (No. 27); (C) 3-aminobutyrate;
(D) 3-aminoisobutyrate (No. 46); (E) 4-aminobutyrate (No. 62).
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Fig. 6. Flow chart diagram of the novel sample preparation protocol for the GC-MS
profiling of protic metabolites in urine.

Calibration curves were mostly generated within three orders of
magnitude around the estimated medium physiological level (L3)
because the urinary metabolite levels rarely fluctuate outside this
range. The calibration data including the calibration curve param-
eters, the R square values, the LOD, the LLOQ (i.e. the level L1)
are shown in Table 1. The use of an appropriate internal standard
structurally similar to every analyte has been a widely accepted
practice in the MS based analysis to reduce measurement uncer-
tainties associated with the sample preparation and instrumental
analysis. However, with the set of more than 100 metabolites this
approach is technically hardly feasible. To ascertain acceptable cal-
ibration linearity we used two internal standards; 4-phenylbutyric
acid (No. 63) and homophenylalanine (No. 103) for quantification
of most organic acids and amino-carboxylic acids, respectively. The
option to measure metabolite levels in a narrower concentration
interval is a practical approach in metabolite analysis because the
R square-values rapidly decrease with the increasing calibration
range when a relevant LS. or their set labeled with stable isotopes
is not available [56].

Here the R-square values were acceptable in most cases
(R2 >0.97) except of amino acids possessing N-acyl, such as tiglyl-
glycine (No.23), N-acetylglycine-2 (No. 37a), propionylglycine (No.
48) and hippurate-1 (No. 78a), basic amino acids lysine (No.
119a), cystathionine (No. 132), 2,6-diaminopimelate (No. 124a,
124b), prolyldihydroxyproline (No. 142) and dihydroxyphenylala-
nine (No. 135) and 4-OH-mandelate (No. 110). Conversion of citrate
(No. 60a) into a small portion (~2%) of cis-aconitate (No. 60c)
may impair quantification of cis and trans aconitate (No. 54) iso-
mers because these isomers are not separated on the used XLB
phenylmethylsiloxane phase and thus, their total level can only be
determined.

Using the SIM mode measurement on a single quadrupole mass
spectrometer, the LOD values were below 0.2 wmol L~ for majority
of metabolites, except oxalate (No. 2), some amino acids (No. 27,
No. 39a, No. 57, No. 59) and the co-eluting aconitate isomers (No.
60c +54).

The method precision and accuracy was satisfactory for most
metabolites ranging between 0.8-18% and 81-123%, respectively.
Mean recovery of the metabolite set assayed in the averaged urine
pool by adding an average metabolite concentration L3 (Table 1)
was also acceptable with values between 82 and 121% and indicates

that matrix effects do not impair the quantitative determination at
least around the normal urine metabolite levels.

Analytical performance of the developed method was further
evaluated by GC-SIM-MS analysis of 20 diagnostic organic acids
in the certified urine standard (ORG1) delivered with the declared
analyte concentrations. The results of the study involving the
metabolite mean value, 95% confidence intervals, the method accu-
racy, precision and recovery are summarized in Table 2. Except
mevalonate, whose analysis failed on the used GC column (see
Section 3.1), all the determined organic acids were in a very good
agreement with the given values. After measuring the batch of the
SKB standard urine sample aliquots (n=16), the residue of the cer-
tified urine was stored 15-30 days in a refrigerator at —20°C and
then the between-run experiments were conducted. The accept-
able method accuracy and precision data indicate good stability
of the organic acids in the stored urine. The decomposition of the
tiglylglycine derivative (No. 23) was an exception, most probably
owing to the presence of the labile 2-methylbutenyl moiety in the
structure. The GC-MS quantification of this analyte must therefore
be accomplished as soon as possible after the sample preparation
step. Finally, the satisfactory recovery data obtained after spiking
the SKB certified urine with the organic acids standards further
indicate negligible matrix effects of the described method.

3.5, Quantification of metabolites in human urine

A typical picture obtained by the full scan GC-MS analysis of
urine metabolites in the pooled urine (a random mixture of healthy
10 male and 10 female urine samples) is shown in Fig. 8. Absence
of any remarkable interference in the full scan TIC GC-MS record of
the isooctane sample extract indicates capability of the developed
method to ascertain comprehensive metabolite profiling in human
urine by the described method.

The new analytical method was finally examined for the
metabolite GC-SIM-MS quantification in a cohort of second-void
urine samples of 50 female and 50 male healthy subjects. The aver-
age age of the gathered female and male subjects was 42 years
(18-84 years) and 46 years (24-86 years), respectively. The list of
the measured metabolites is shown in Table 3. The median val-
ues were used instead of the mean because the measured urinary
metabolite concentrations do not exhibit normal distribution in the
examined data set. The measured concentration of each metabo-
lite was expressed in pumol mmol~! creatinine and their respective
range as a 25th-75th percentile variation.

The average creatinine (No. 150) concentration measured by
the Jaffe UV spectrophotometric method in the urine sample set
showed the median value 9.2 (5.9-15) and 11.0 (9.6-16) mmol L™!
for adult females and males, respectively, and as expected, the gen-
der difference was statistically significant (p <0.05).

Finally, the metabolite concentrations measured by the new
developed method in the examined urine set were compared
with literature data, particularly with those amenable in the
HMDB database. The HMDB metabocard entry code, metabolite
concentration ranges obtained by GC-MS analysis of female and
male urines samples and typical reported reference concentra-
tion range are collected in Table 3. Closer inspection of the data
set in Table 3 indicates that the work-up of a 25 pL urine sam-
ple aliquot allowed direct quantification of 112 metabolites which
were detected in approximately 3 orders of the concentration
magnitude, in the range 0.2-400 wmol mmol~"! creatinine. Twenty
calibrated metabolites were not detected in most examined female
and male urine samples, evidently due to their low abundance and
limited capability of the used single quadrupole MS to detect the
analytes below the 0.2 wmolmmol~! creatinine level. Neverthe-
less, a metabolic disease may increase concentration of a certain
metabolite in urine and then the metabolite can be quantified. This
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Fig. 7. Full scan TIC chromatogram of the comprehensive set of the urinary metabolite standards (Table 1, No, 2-146), each measured at the equimolar medium L3 level
with the internal standards (IS1 and IS2) in the artificial urine. The metabolites were divided into 2 groups; the first group contains mainly protein amino acids, mono-, di-,
tri- carboxylic, 3-hydroxycarboxylic and aromatic acid; the other involves non-protein amino acids, keto- and 2-hydroxycarboxylic acids and glycine conjugates. For the

reported metabolites, refer to Table 1.

feature was corroborated by GC-MS analysis of hexanoylglycine
(No. 39a) and sebacate (No. 95) in the SKB certified urine, where
elevated levels of the metabolite diagnostic for inherited metabolic
diseases were determined, Table 2 and Table 3.

Three particular metabolites, i.e. hippurate (No. 78), citrate (No.
60) and histidine (No. 114) were detected above 100 p.mol mmol~!
creatinine. The excess of the HFBCF reagent (10 p.L, i.e. 60 pmol)
in the organic medium facilitates the derivatization of metabolites
at highest levels in the 25 pL worked-up urine volume. Moreover,
the most abundant urine components such as urea, inorganic salts,
creatinine, creatine, uric acid react with the reagent in a negligible
extent and remain in the aqueous phase without deteriorating the
assay. The levels of the detected metabolites were mostly within
an order of magnitude in the examined urine sample set of healthy
objects, justifying thus the use of the calibration within the nar-
rower concentration range for the targeted metabolite profiling.

Vast majority of the urinary metabolites were also in a very good
accordance with the concentration range reported in the HMDB
database and relevant literature, refer to Table 3. The observed
metabolite levels exhibited a rather smaller individual variabil-

ity and the highest observed values were often at lower levels
than those reported in the HMDB. The individual variability was
higher than the gender difference in most cases. Nevertheless, the
Mann-Whitney U-test revealed a statistically significant difference
(p<0.01**) in the profiles of 16 urinary metabolites between the
measured gender groups, Table 3.

Three metabolites were measured either as a sum of the iso-
mers or the metabolite plus its precursor, refer to the respective
aconitate (No. 54a +54b), the total cysteine (No. 90+ 137) and total
homocysteine (No.100+ 145) content in Table 1 and Table 3. Two
metabolites, thioproline (No. 75) and methionine sulfone (No. 117)
were clearly detected in all urine samples, although they are not in
the HMDB database and their formation during the sample prepara-
tion was carefully checked and thus excluded. Thioproline is known
to be excreted in human urine by formaldehyde and acetaldehyde
metabolism and was earlier reported at low but not reported con-
centrations [58]. Methionine sulfone is a suspected product of the
methionine oxidation, but its origin remains uncertain. As we care-
fully checked that the metabolite does not arise during the sample
work-up, it may be excreted from the human body or may arise
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Fig. 8. Full scan TIC record obtained by comprehensive GC-MS analysis of urinary metabolite profiles in a random mixture of healthy 10 male and female urine samples. The
new described method enables determination of 112 metabolites in a 25 pl urine sample aliquot. IS1 and IS2 = internal standards. The analyzed metabolites are reported in

Table 3.

from the oxidation of methionine in urine by microbial contami-
nation or urine aging during the sample storage. The abundance of
this metabolite in urine therefore requires further study.

4. Conclusions and future perspectives

In this study, a novel GC-MS method based on the com-
bined 1,1,1,2,2,3,3-heptafluorobutyl chloroformate derivatization
and liquid-liquid microextraction was designed, tested and evalu-
ated for metabolomic profiling of protic, mostly amino- carboxylic
metabolites in urine. A 25 pL sample aliquot was efficient for the
direct single quadrupole GC-MS quantification of 112 metabolites
in human urine collected from adult healthy persons as well as
for the determination of 19 metabolites relevant to the inherited
metabolic diseases at their increased level in the certified urine.
We aimed to evaluate critical points of the GC-MS metabolomic
analysis and revealed that the method provides well predictable
derivatives possessing excellent volatility, separation properties
and EI mass spectra being very useful in elucidation of struc-
tural isomers and unknown structures. The study also showed
limitations of the described method, consisting in the incapabil-
ity to derivatize analytes possessing the guanidino- and ureido-
functional group, polyhydroxycarboxylic acids with sterically hin-
dered OH-groups, sugars and labile, often to oxidation susceptible
metabolites. On the other hand, for analytes possessing at least
a single non-derivatized polar functional group, the LLME equi-
librium is largely shifted towards the aqueous phase and thus
the nonpolar isooctane phase contains much less interferences
arising from the urine matrix than any other comparable GC-MS
based method. The results of this study suggest that the pro-
posed method may become an efficient, complementary tool in
GC-MS metabolomic analysis. Moreover, its application potential
may further be increased by automation of the sample prepara-
tion procedure, advanced metabolite quantification by means of
the 13C-labeled standards, examination of chemical ionization MS
techniques, expansion of the described methodology to a wider
range of urinary metabolites and to other complex biological matri-
ces, with the option of comprehensive chiral amino acid analysis
[44].
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Abstract

A simple analytical workflow is described for gas chromatographic-mass spectrometric (GC-
MS) based metabolomic profiling of protic metabolites, particularly amino-carboxylic species
in biological matrices. The sample preparation is carried out directly in aqueous samples and
uses simultaneous in-situ heptafluorobutyl chloroformate (HFBCF) derivatization and
dispersive liquid liquid microextraction (DLLME), followed by GC-MS analysis in single ion
monitoring (SIM) mode. The protocol involves 10 simple pipetting steps and provides
quantitative analysis of 132 metabolites by using two internal standards. A commentary of each
analytical step and explaining notes are provided with particular attention to GC-MS analysis
of 112 physiological metabolites in human urine.

Keywords
Metabolomic profiling; GC-MS; Dispersive liquid liquid microextraction; Chloroformate
derivatization; Urine; Quantitative analysis

1. Introduction

Comprehensive metabolomic analysis of small protic metabolites possessing amino-, carboxy-
, thio- or hydroxy- groups in complex biological matrices has been a demanding task because
of the frequent occurrence of structurally close and isomeric structures that are difficult to
separate and detect by at present prevailing liquid chromatographic-mass spectrometric (LC-
MS) techniques. As a result, GC-MS combined with an efficient sample preparation strategy
involving metabolite derivatization (as a prerequisite), has still been a popular, cost-effective
tool in the analysis of amino and organic acids and other protic metabolites that play important
biochemical roles in central metabolism. Current GC-MS based metabolomics relies mainly on
two derivatization strategies: (i) oximation with silylation and (ii) reaction with alkyl
chloroformates. The former approach requires strictly anhydrous condition for silylation and
has proved useful for profiling of polyhydroxylic metabolites such as sugars (1,2), steroids (3),
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sterols and tocopherols (4), but much less effective for metabolites bearing protic nitrogen
functional groups (5-7). The latter approach has been complementary and even more attractive;
it can be applied in situ in a complex biological matrix, liquid-liquid microextraction proceeds
simultaneously under pyridine catalysis and, importantly, with simultaneous carbon dioxide
evolvement (8-11). The arising CO: is partly dissolved in the whole sample medium; it
enhances the effective surface area between the immiscible organic and aqueous phase and
renders thus a powerful dispersive phase enabling the system to reach the final equilibrium in
5 second (4,12).

Fluoroalkyl chloroformates (FCFs) possess some advanced features over the traditionally
used alkyl chloroformates (RCFs) providing highly volatile and much less polar derivatives
extractable into nonpolar hydrocarbon solvents. The reaction scheme for reaction of
heptafluorobutyl chloroformate (HFBCF) with threonine, an amino acid possessing 3 protic
functional groups, is shown in Fig. 1.

The reaction product is formed directly in aqueous environment with high yields in less than
5 seconds. In this way, extraordinary clean protic metabolite extracts have been obtained from
complex biological matrices and have been successfully applied to metabolite profiling of
amino acids and steroids in human serum (4,13) or amino-carboxylic metabolites in human
urine (12). Moreover, the clean extracts enabled chiral GC-MS analysis of 35 amino acid
enantiomeric pairs in human serum (14).

The workflow of the GC-MS based metabolomic analysis is depicted in Fig. 2.

Here, we describe a HFBCF based GC-MS profiling method for quantification of protic
metabolites possessing amino-, carboxy-, activated hydroxy- and thiol functional groups (12).
The elaborated sample preparation protocol is simple, fast and follows a procedure described
in detail for urinary analysis in reference (12) which should be consulted whenever necessary
for getting more comprehensive knowledge. It involves gradual pipetting of uniform small
volumes of a sample and necessary liquid media in 10 steps: (1) a sample, (2) an internal
standard solution, (3) a reducing medium, (4) a pH adjustment, (5) an organic reaction medium
containing the HFBCF reagent, (6-7) a repeated addition of a catalytic medium with pyridine,
(8) an organic extraction medium, (9) an acidification medium, (10) an upper extraction phase
transfer into a GC autosampler vial, see Fig. 3, and finally, the sample extract injection into a
GC-MS spectrometer.

Although the protocol was primarily developed for metabolomic GC-MS analysis of protic
metabolites in urine normalized to creatinine (12), the procedure can directly be applied to any
aqueous biological material with low protein content. If the content of biopolymers is high (>
2mg/ml), then a prior precipitation step must be adapted to the described workflow (see Note
1). The protocol may be modified for some applications, for instance the reducing step 3 can be
omitted without any change, if the reduction of disulfide bonds is not required.

2. Materials
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2.1 Samples
Samples containing no or little protein and cell residues (urine, cell culture media) or cell and
tissue extracts.

2.2 Chemicals, Solutions, Reaction Media

1. Chemicals of analytical grade should be used. All solutions, except those containing the
HFBCF reagent, should be prepared in distilled deionized water (DI water, < 1.5 pS.cm™,
25 °C) and stored at 4 °C (unless otherwise indicated).

2. Tris(3-hydroxypropyl)phosphine reducing agent (THP, 80%, Merck): Prepare a 5 % stock
solution by transferring 0.625 ml of the THP liquid to a 10 ml volumetric flask and adjust
by DI water up to 10 ml. Prepare a 0.5 % working solution by dilution 1:9 in a 10 ml
volumetric flask (see Note 2).

3. 100 mM NaHCOs (99,998% purity, Alfa Aesar) solution: Dissolve 840 mg in 100 mL of DI
water.

4.1 M NaOH (99.99 % purity, Alfa Aesar) solution: Dissolve 4 g in 100 mL of DI water.

5. Heptafluorobutanol (HFBOH) (99 % purity, Pragolab, Prague, Czech Republic).

6. Heptafluorobutyl chloroformate (HFBCF, 98 %, Pragolab), (see Note 3).

7. Solvents: Isooctane (2,2,4-trimethylpentane, 99.5%), pyridine (p.a., 99.0%), isopropanol (2-
propanol, 99.5% purity) (all Sigma-Aldrich).

8. The organic reaction medium: prepare isooctane, HFBCF and HFBOH in a volume ratio
15:4:1 (v/v/v) in a Teflon-capped, well-tightened 4-mL glass vial. Store in a refrigerator,
where the mixture remains stable for several months.

9. The catalytic medium: mix 1 M NaOH with pyridine in a volume ratio of 24:1 (v/v).

10. The artificial urine solution: prepare the following chemicals in DI water to final
10 g/L urea, 1 g/L creatinine, 7 g/L NaCl and 3 g /L K2SO4 (12).

11. The certified urine standard (product ORG-01) containing diagnostic organic acids
(ERNDIM Foundation (http://cms.erndimqa.nl/). For the analyte concentrations, refer to
the website. Order the latest available batch.

1.1. 2.3 Analytical Standards, Stock Solutions

1. 1. Internal standard solution (IS): 4-phenylbutyric acid (4PB, Sigma-Aldrich, MW
=164.2 g/mol); homo-phenylalanine (hF, Sigma-Aldrich, MW= 179.2 g/mol). Prepare a
stock solution in 100 mM NaHCO3 with a final concentration of 200 pmol/L, i.e. 5 nmol
in 25 pL of the applied internal standard solution.

2. 2. Protein amino acid (AA) standard solution (Sigma-Aldrich, P/N AAS-18)in 0.1 M HCl
containing alanine, glycine, valine, leucine, isoleucine, threonine, serine, proline, aspartic
acid, methionine, glutamic acid, phenylalanine, lysine, histidine, tyrosine and cystine at a
concentration of 2.5 and 1.25 mmol/L, respectively. Alternatively, the protein AA mixture
can be prepared from stock solutions of particular AAs in 0.1 M HC. For the complete
metabolite list refer to Table 1.

3. 3. Non-protein amino acid, biogenic amine (Sigma-Aldrich) standard solutions: prepare a
stock solution of each metabolite in 100 mM HCI with a final concentration of 100 pmol/L,
Table 1. Store at 4 °C.
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4. Organic acid standards (Sigma-Aldrich); less common carboxylic acids 2-hydroxysebacic,
3-hydroxyadipic, 3-hydroxypropionic, 3-hydroxyvaleric and 5-hydroxyhexanoic acid, and
glycine conjugates hexanoylglycine, methylcrotonylglycine and tiglylglycine can be purchased
from Dr. E. Brunet, Dept. Organic Chemistry, University Autonoma de Madrid (Madrid,
Spain), http://www.uam.es/gruposinv/lumila/list.pdf; a racemate of 2-methyl citric acid (90%,
C/D/N Isotopes, P/N X-4176).

5. The organic acid stock solutions data are summarized in Table 1 (see Note 4).

2.4 GC-MS instrumentation

1. Agilent 7890A GC system equipped with G4513A autosampler (Agilent), multi-mode
injector (MMI), equipped with a 10 pl syringe (CTC Analytics, P/N PAL3-SYH-207807).

2. Sky® 4 mm L.D. cyclo double taper inlet liner (Restek, P/N 23310).

3. ZB-XLB type, 30 m x 0.25 mm ID, 0.25 pm film thickness (Phenomenex, P/N 7THG-G019-
11).

4. Single quadrupole mass triple-axis detector (5975 MSD Inert XL, Agilent) equipped with an
inert EI ion source.

5. Autosampler 2 ml vials (12 x 32 mm) with 9mm PP open hole caps (Labicom, P/N 5310F-
09) and 0.040 PTFE/silicone/PTFE Septa (Labicom, P/N 604060-09).

6. Inert conical glass insert, 200 ul volume, (Chromacol, P/N 02-MTV).

2.5 Additional equipment

1.The sample preparation glass culture tubes 6x50 mm, material: sodium-potassium silicate

2. glass (Merci, P/N Z1632000605010), or borosilicate glass (Kimble-Kontes, P/N 73500-
650).

3. Common screw cap teflon-lined 2 and 4 ml amber vials for the reagent solutions.

4. An adjustable 50 and 100-u1 Transferpettor pipette with a glass capillary (Brand, P/N 701868
and 701873) for manipulation with the reagents and their mixtures in isooctane. The pipette
tips with 25 mm capillary (gel-loading type, VWR Int.) for aspirating the upper organic
phase in the 6x50 mm vial.

5. Alternatively, a common pipette (10-100 pl) such as a Biohit Prolin® mechanical pipette
(Sartorius, P/N 720050) equipped with an Optifit tip 200 (P/N 4059.9002) can be used.

6. A common vortex for sample mixing and a minicentrifuge such as MySpin 6 (Thermo
Scientific, 2000 x g) for a complementary separation of immiscible layers in sample vials.

7. A commercial assay kit for creatinine analysis. For instance a creatinine kit (Dialab, P/N
D95595).

8. A common spectrophotometer capable of measuring creatinine at 490-510 nm in urine, such
as Specord® Plus (Jena Analytik), by an appropriate kit (see 2.5.7.) used for clinical
applications.
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3. Methods

Use appropriate laboratory wear, glasses and other personal protective equipment is
recommended; follow standard laboratory precautions and local guidelines, especially waste
disposal regulations. Use a functional fume hood for the sample work-up.

3.1 Sampling and storage, normalization of samples

1. Serious attention should be paid to sample collection, transport and storage, because any
omission may result in false results. For urine, collection of the morning second-void
samples is most common practice and the easiest sampling method.

2. For urine analysis, store freshly collected samples at 4 °C within 2 hours. For longer than 48
h storage, freeze the samples and keep at -20 °C (see Note 5).

3. If urine is a subject of study, measure creatinine concentration in each collected urine aliquot
used the analysis data for normalization of each determined metabolite (see Note 6).

3.2 Preparation of calibration solutions

1. Prepare a calibration mixture following the procedure described in (12) by adding an
appropriate volume of each stock solution standard, Table 1, in a 10 volumetric flask.
Adjust to a final volume by the artificial urine solution.

2. The concentration of each individual analyte denotes its average level (here, level 3 = L3)
measured in a pooled urine sample of normal morning urine, Table 1 (12). Prepare the
lower (L1 and L2) and higher (L4, L5) calibration points; i.e. 10 times, 2.5 times diluted
and 2.5 times and 10 times increased to the respective medium L3 level. For the
metabolites with highest abundance prepare level L6 (25 times higher than L3).

3. Distribute the calibration solution into appropriate aliquots before freezing.

4. Prepare an appropriated pooled sample by mixing an equal small volume of all samples
included in the study for the verification of the average EI MS response for each target
metabolite and for the quality control (QC) analysis.

3.3 Sample preparation protocol

1. Transfer 25 pL of aqueous sample into a 6x50 mm culture tube.

2. Spike the sample with the 25 pl of the internal standard solution.

3. Add 25 pL 0.5% THP reducing solution, mix the content gently for 1-2 s and left to stand
for 1 min.

4. Adjust pH to ca 9 with 25 pL 100mM NaHCOj3 solution and vortex gently.

5. Add 50 pL of the organic reaction medium (isooctane, HFBCF and HFBOH, 15:4:1, v/v/v)
(see Note 7).

6. Add 25 pL of the catalytic medium (1 M NaOH-pyridine, 24:1, v/v) and vortex the content
for ca 3 s leaving the organic phase milky.

7. Add a second portion (25 uL) of the catalytic medium and shake the content for 5 s until the
milky phase becomes clarified.

8. Add 50 pL of the isooctane extraction medium, mix for about 1-2 s.
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9. Add of 25 pL of 1M aqueous HCI and vortex briefly; if the phases are not well separated, a
minicentrifuge may be a convenient option (see Note 8).

10. Aspirate 70-80 pL of the upper organic phase into a vial insert (150-200 pL volume).

11. Inject a sample extract aliquot (1 pL) by using a pulsed splitless injection into a GC injector,
start the GC-MS acquisition (see Note 9).

3.4 GC-MS Analysis

1. The instrument GC-MS conditions are summarized in Table 2.

2. First, analyze the standard mixtures to check the separation performance, retention times, the
analyte peak shape and acquisition of the employed fragment ions in the obtained EI spectra,
Table 1.

3. Using a single quadrupole MS analyzer, single-ion monitoring (SIM) mode is commonly
used for quantification. Use the characteristic m/z ions (a quantifier and a qualifier) listed in
Table 1. The SIM scanning should be arranged into convenient time sequence groups
(windows) associating closely co-eluting analytes m/z ions enabling thus an appropriate SIM
dwell time for each detected analyte (12).

4. Prepare an appropriate analysis sequence of a sample series consisting of repeated blank,
standard, the QCs (see 3.2.2.), calibration and real sample extracts. Measure regularly the
blanks, QC samples and standards (at least every 10 sample runs). Analyze samples in a random
order to avoid a systematic error.

5. Change the GC injector liner approximately after 150 samples depending on the sample
matrix. Before use, condition each new liner by running the following sequence: solvent blank,
standard mixtures, the pooled QC sample extract (twice) and solvent blank (twice).

3.5 Data Analysis

1. Peak area for quantifier and qualifier ion of each metabolite are integrated. Their ratio is
calculated to test for potential interferences.

2. The peak area of each quantifier is normalized by the peak area of the corresponding internal

standard: amino acids and biogenic amines against homophenylalanine, compound No. 75;

organic acids against 4-phenylbutyric acid, compound No. 37, Table 1 (12).

3. Use appropriate vendor data processing software for data calibration and metabolite

quantification.

4. Check metabolite responses in the QC samples measured regularly throughout the whole

sample set. If the analyte’s relative response to the IS fluctuates with RSD > 30%, then even a

semi-quantitative measurement of such metabolite is difficult and it should be excluded from

the metabolomic study (see Note 10).

5. Once the metabolite levels have been determined and met predefined acceptance criteria,

normalize appropriately the measured metabolite concentrations. For urine recalculate the

metabolite levels to creatinine or other suitable reference factor. Export the analytical data

matrix into a Microsoft Excel® spreadsheet or other format suitable to explore for further

chemometric analysis.

6. Use an appropriate statistical software to recognize differences among the studied metabolite

sample sets. The calculation of p-values by means of a t-test helps to determine significance of
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the obtained results. The data set can be conveniently examined graphically by means of box
plots that display patterns of quantitative data and thus facilitate interpretation of observed
metabolite changes in the studied organism.

4. Notes

1. For serum/plasma, (lipo)proteins must be precipitated by a suitable medium prior to the
application of this protocol. The work-up requires first an internal solution addition (step 2),
which may be followed by the THP reduction of disulfide bonds (step 3). However, the protein
precipitation must precede the step 4, pH adjustment; it can be carried out by perchloric acid
(13), trichloroacetic acid or an organic solvent (15,16). Note that the selected precipitation
conditions for plasma or serum may affect the obtained metabolite profile (15) and thus the
described protocol must always be adapted and validated to a particular demand.

2. The 5% stock THP solution should be kept in a freezer for a year; the 0.5% working
solution in a refrigerator for a month.

3. The 2,2,3,3,4,4,4-heptafluorobutyl chloroformate (HFBCF) reagent is a liquid with a
boiling point 105 - 107 °C and density 1.6 g/cm® (14). The reagent must be stored in tightly
closed Teflon-lined cap glass vials at 4 °C and thus is stable for at least 24 months.

WARNING! Manipulation with HFBCF must be performed in a well-ventilated area

(fume-hood).

4. A list of metabolites covered by the protocol is summarized in Table 1. For the analytical
purposes, the compounds can be sorted into six groups, i.e. protein amino acids, non-protein
amino acids, dicarboxylic acids, hydroxycarboxylic acids, organic (aromatic) acids—and
metabolites sensitive to storage conditions. The last group comprised oxoacids, lactate, 5-
hydroxyindol- and indolacetate, 3- and 4-hydroxyphenylacetate, 4-hydroxymandelate, 4-
hydroxyphenyllactate,  kynurenate,  vanillylmandelate, = kynurenine,  glycylproline,
prolylhydroxylproline and 3-methylcrotonylglycine; the stock and working solutions of this
group were kept in freezer at — 20 °C.

5. Urine like other important biological matrices is a metabolite- rich mixture. Be careful
and always take into account properties of each metabolite of interest in the studied matrix.
Check carefully the metabolite stability by sample measurement within a convenient time
period before making final conclusions from the measured data.

6. In metabolomics, normalization of samples is an important practice (17). For urinary
analysis, creatinine is the commonly used reference that indicates well the urine
concentration (18). Urine of healthy women and men typically contains around 5-16
mmol/L of creatinine (12), (19). If its concentration is highly increased (more than 3-4
times), the sample should be diluted by DI water before analysis maintaining thus urine
composition closer the average creatinine abundance.

7. The used HFBC reagent volume (10 pl, 60 pmol) is efficient for work-up urine volumes
below 50 upl. In contrast with classical alkyl chloroformates, the corresponding
heptafluorobutyryl alcohol is not necessary in the reaction medium. Nevertheless, its small
5 % aliquot facilitates esterification of polycarboxylic acids such as citrate.
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8. The acidification step substantially further decreases the pyridine catalyst content in the
arising upper organic layer and thus contamination of the GC-MS system. Consequently, the
liner change follows typically after 120-150 samples, less frequently than in earlier methods
(20).

9. If the prepared organic sample extracts are not measured immediately, they can be stored in
tightly closed Teflon-lined autosampler vials up to 2 weeks at -20 °C. A slow degradation of
some metabolites was observed, in particular kynurenate, tiglylglycine, 3-hydroxybutyrate,
fumarate and prolylhydroxyproline, histidine, 1-methyl- and 3-methylhistidine and isocitrate.
10. Note that demands on metabolomic analysis do always not conform strict guidelines
requested for instance by guidelines in drug analysis and data showing a higher uncertainty may
be useful in the study. Moreover, metabolite levels observed between two studied models rarely
change by more than 1 order of magnitude, and thus narrower calibration ranges can be used
throughout a metabolomic study with respect to the amount estimated in the pooled QC sample.

Acknowledgments
This work was supported by the Czech Science Foundation, project No. 17-222768S.

References

1. Andrews MA (1989) Capillary gas-chromatographic analysis of monosaccharides -
improvements and comparisons using trifluoroacetylation and trimethylsilylation of sugar o-
benzyl-oximes and o-methyl-oximes. Carbohydrate Research 194:1-19. doi:10.1016/0008-
6215(89)85001-3

2. Kostal V, Zahradnickova H, Simek P, Zeleny J (2007) Multiple component system of
sugars and polyols in the overwintering spruce bark beetle, Ips typographus. Journal of Insect
Physiology 53 (6):580-586. doi:10.1016/j.jinphys.2007.02.009

3. Hill M, Parizek A, Kancheva R, Duskova M, Velikova M, Kriz L, Klimkova M, Paskova
A, Zizka Z, Matucha P, Meloun M, Starka L (2010) Steroid metabolome in plasma from the
umbilical artery, umbilical vein, maternal cubital vein and in amniotic fluid in normal and
preterm labor. Journal of Steroid Biochemistry and Molecular Biology 121 (3-5):594-610.
doi:10.1016/j.jsbmb.2009.10.012

4. Rimnacova L, Husek P, Simek P (2014) A new method for immediate derivatization of
hydroxyl groups by fluoroalkyl chloroformates and its application for the determination of
sterols and tocopherols in human serum and amniotic fluid by gas chromatography-mass
spectrometry. Journal of Chromatography A 1339:154-167.
doi:10.1016/j.chroma.2014.03.007

5. Simek P, Heydova A, Jegorov A (1994) High-resolution capillary gas-chromatography and
gas-chromatography mass-spectrometry of protein and nonprotein amino-acids, amino-
alcohols, and hydroxycarboxylic acids as their tert-butyldimethylsilyl derivatives. HRC-
Journal of High Resolution Chromatography 17 (3):145-152

186



Publikace 4

6. Kanani HH, Klapa MI (2007) Data correction strategy for metabolomics analysis using gas
chromatography-mass spectrometry. Metabolic Engineering 9 (1):39-51.
doi:10.1016/j.ymben.2006.08.001

7. Villas-Boas SG, Smart KF, Sivakumaran S and Lane GA (2011) Alkylation or silylation
for analysis of amino and non-amino organic acid by GC-MS? Metabolites 1 (-):3-20.
doi:10.3390/metabo1010003

8. Husek P (1997) Urine organic acid profiling by capillary gas chromatography after a simple
sample pretreatment. Clin Chem 43 (10):1999-2001

9. Husek P, Simek P (2006) Alkyl chloroformates in sample derivatization strategies for GC
analysis. Review on a decade use of the reagents as esterifying agents. Current
Pharmaceutical Analysis 2 (1):23-43. doi:10.2174/157341206775474007

10. Smart KF, Aggio RBM, Van Houtte JR, Villas-Boas SG (2010) Analytical platform for
metabolome analysis of microbial cells using methyl chloroformate derivatization followed
by gas chromatography-mass spectrometry. Nature Protocols 5 (10):1709-1729.
doi:10.1038/nprot.2010.108

11. Wachsmuth CJ, Hahn TA, Oefner PJ, Dettmer K (2015) Enhanced metabolite profiling
using a redesigned atmospheric pressure chemical ionization source for gas chromatography
coupled to high-resolution time-of-flight mass spectrometry. Analytical and bioanalytical
chemistry 407 (22):6669-6680. doi:10.1007/s00216-015-8824-x

12. Husek P, Svagera Z, Hanzlikova D, Rimnacova L, Zahradnickova H, Opekarova I, Simek
P (2016) Profiling of urinary amino-carboxylic metabolites by in-situ heptafluorobutyl
chloroformate mediated sample preparation and gas chromatography-mass spectrometry.
Journal of Chromatography A 1443:211-232. doi:10.1016/j.chroma.2016.03.019

13. Simek P, Husek P, Zahradnickova H (2008) Gas chromatographic-mass spectrometric
analysis of biomarkers related to folate and cobalamin status in human serum after
dimercaptopropanesulfonate reduction and heptatluorobutyl chloroformate derivatization.
Analytical chemistry 80 (15):5776-5782. doi:10.1021/ac8003506

14. Simek P, Husek P, Zahradnickova H (2012) Heptafluorobutyl Chloroformate-Based
Sample Preparation Protocol for Chiral and Nonchiral Amino Acid Analysis by Gas
Chromatography. In: Alterman MA, Hunziker P (eds) Amino Acid Analysis: Methods and
Protocols, vol 828. Methods in Molecular Biology. pp 137-152. doi:10.1007/978-1-61779-
445-2_13

15. Husek P, Svagera Z, Hanzlikova D, Simek P (2012) Survey of several methods
deproteinizing human plasma before and within the chloroformate-mediated treatment of
amino/carboxylic acids quantitated by gas chromatography. Journal of Pharmaceutical and
Biomedical Analysis 67-68:159-162. doi:10.1016/j.jpba.2012.04.027

16. Svagera Z, Hanzlikova D, Simek P, Husek P (2012) Study of disulfide reduction and alkyl
chloroformate derivatization of plasma sulfur amino acids using gas chromatography-mass
spectrometry. Analytical and bioanalytical chemistry 402 (9):2953-2963. doi:10.1007/s00216-
012-5727-y

17. Wu YM, Li L (2016) Sample normalization methods in quantitative metabolomics.
Journal of Chromatography A 1430:80-95. doi:10.1016/j.chroma.2015.12.007

187



Publikace 4

18. Bouatra S, Aziat F, Mandal R, Guo AC, Wilson MR, Knox C, Bjorndahl TC,
Krishnamurthy R, Saleem F, Liu P, Dame ZT, Poelzer J, Huynh J, Yallou ES, Psychogios N,
Dong E, Bogumil R, Roehring C, Wishart DS (2013) The Human Urine Metabolome. Plos
One 8 (9). doi:10.1371/journal.pone.0073076

19. Cimlova J, Kruzberska P, Svagera Z, Husek P, Simek P (2012) In situ derivatization-
liquid liquid extraction as a sample preparation strategy for the determination of urinary
biomarker prolyl-4-hydroxyproline by liquid chromatography-tandem mass spectrometry.
Journal of Mass Spectrometry 47 (3):294-302. doi:10.1002/jms.2952

20. Dettmer K, Stevens AP, Fagerer SR, Kaspar H, Oefner PJ (2012) Amino Acid Analysis in
Physiological Samples by GC-MS with Propyl Chloroformate Derivatization and iTRAQ-LC-
MS/MS. In: Alterman MA, Hunziker P (eds) Amino Acid Analysis: Methods and Protocols,
vol 828. Methods in Molecular Biology. pp 165-181. doi:10.1007/978-1-61779-445-2_15

188



Publikace 4

Figures Captions
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Fig. 1

Reaction scheme for the threonine protic functional groups with the HFBCF reagent. The
carboxyl group yields a HFB ester, the amino group a corresponding HFB carbamate, while
hydroxyl is transformed into a HFB carbonate. MM= monoisotopic mass.
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Fig. 2
The workflow for the GC-MS metabolomic analysis of protic metabolites in aqueous biological
matrices.
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Fig. 3
A view on a 6x50 mm culture tube containing an aqueous sample (here urine) or an aqueous

sample extract and gradually added media during the sample preparation process: (A) an
aqueous sample; (B) an arising two-phase system after performing the steps 2-5, before the
reaction initiation; (C) a turbid upper phase after the first addition of the catalytic medium, step
6; occasionally visible CO2 bubbles can appear; (D) the organic upper phase is clarified after
the step 7, which indicates that the reaction was completed; (E) increasing the sample extract
volume and its acidification in steps 8-9 enables an easy organic upper phase into an
autosampler vial in step 10, and final GC-MS analysis.

Table Captions

Table 1

The list of protic metabolites determined by the described GC-MS protocol in human urine.
The traditional name, the metabolite product after the HFBCF derivatization, retention data,
monoisotopic mass of the arising HFBCF derivatized product, diagnostic SIM ions, the used
internal standard, the observed medium metabolite concentration in urine (12).

Table 2
GC-EI-SIM-MS operating conditions
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Table 1.
. R The profted metabolies rT MM Diagnosticions o g Stock SlS)]l:‘c‘l;“ Metabolite Database Coding (1;’2")"
asthe HFBCF derivatives  (min)  product s M| soven SEER L Chen | KEGG
11 1 22 5711 95 350 hE 4 [oiMHC 10 [HMDBoooor 92105 coris2| 108
2|24-Di aid 24D 74 720 282 256 hF 40 DI water 10 |HMDBO2362 470 101
3|2 acid 2 1361 5110 284 84 hF 20 DI water 10 |HMDBoO4s2 80283 02356 36
4|2 acid 2 246 7651 338 138 hE 40 DI water 10 |HvpB3a252 101122 9
5|2 acid 2 1204 551 284 241 hF 40 DI water 50 |HMDBOI96 6119 co366s| 27
2 Hydroxy-3 2-Hydroxy-3
6| soalonnty 116 5260 55 299 PB 20 DI water 10 |HMDBOO407 99823 2
7 | Hhvdrony3- 2-Hydroxy-3-methylvalerate 1306 54001 284 484 B 20 DI water 10 |HMDB00317 10796774 34
methylpentanoic acid

8|2 ic acid 2 1049 5120 285 241 PB 20 DI water 10 |HMDBo000S 11266 Cosos4 | 19
jcacid 2k 2734 8081 95 381 PB 20 | acetonivile 10 | HMDBO0424 128458 12

102 ic acid P 1834 7380 283 239 PB 100 | Diwaer 100 |HMDB02307 439340 C00894| 65
1|2 i icacid 2 874 5120 241 285 PB 40 DI water 10 |uMDBOOT20 11671 1
122 icacid  2-F 2052 5600 91 333 PB 20 Diwater 50 |HMDBO0G6® 11970 cosss2| 82
13 | 2-Hydroxyvaleric acid 2-Hyd I 1212 5260 55 299 PB 20 DI water 10 |HMDBO1S63 98009 26
14 | 2-Ketoisovaleric acid 2 ss1 2980 71 13 PB 20 DI water 10 |HmDBOOOIS 49 cootar| 3
152 itric acid 2 itrate-4 (lactone) 1846 5520 152 334 PB 40 DI water 10 |HMDBO0379 515 68a
16 aid 3 1502 5110 256 12 hE 10 | 01MHCI 100 |HMDBO39II 64956 COS145| 46
17|34 ipic acid o 1841 7520 85 127 PB 100 | 0IMHCI 50 |HMDBoO34s 151913 67
183 ic acid 3 2 1193 5120 268 69 PB 10 | DIwater 10 |HMDBO03S7 441 Co1089| 240
1931 acid 3 1 (OH) 646 30001 59 85 PB 100 | DIwater 10 |HMDBOOTS4 69362 4
20 Z;Zyd“’”‘“e'hy'g'“‘“m 3-Hydroxy-3-methylglutarate 1437 7520 85 285 B 100 DI water 10 |HMDBo03sS 1662 03761 41
213 acid 3 261 5600 333 277 B 20 |o0iMHCI 100 |HMDBoo#40 12122 05593 o1
22 | 3-Hydroxy-proline 3-Hydroxyproline-2 209 7650 21 538 hF 20 | 0IMHCI 10 |HMDBO2113 11137200 C04397 | 89a
233 ic acid 3 1 (OH) 2000 521 71 7 PB 20 DI water 10 | HMDBO03S0 3017884 79
24 3-Hydroxy acid 3 1 (OH) 821 3000 71 271 B 40 DI water 10 |HMDBOOS31 107802 9%
25 3 3236 8451 319 376 hF 20 |oiMHCI 10 |HMDBO0022 1669  Coss87| 131
26 | 3-Methyl-2-oxovaleric acid  2-Keto-3 734 3121 57 85 PB 20 DI water 10 |HvDBoO491 47 cosses| s
27| 3-Methyladipic aci 3-Methyladipate 1555 5241 35 55 B 20 DI water 50 | HMDBO0SSS 6999745 47
28 o 1954 330 83 82 hE 40 DI water 10 | HMDBO04S9 169485 76
293 3 2838 5771 95 150 hE 40 | oiMHCG 10 |HMDBOM79 64969 cotis2| 116
30| 4-Ami ic acid 4 2729 5450 146 345 hF 20 cthanol 10 |uMDBO1392 978 cooses| 111
314 ic acid 4 2141 5460 303 347 PB 20 ethanol 100 |HMDBOOSOO 135 Cools6| 87
324 acid 41 1405 5120 227 260 PB 100 | Diwaer 100 |HMDBOO7I0 10413 Co0989| 38
334 innamic acid  4-F 2798 5720 329 572 PB 20 DI water 10 |HMDBO203s 637542 coostt | 115
34|4 cacid 4 2725 8020 575 347 PB 20 DI water 10 |mMpBoos22 328 cuis27| 110
354 icacid 4 p 2331 5600 289 333 PB 40 | oiMHC 100 |HMDBo0020 127 cooes2| 96
36 | 4-Hydroxy-proline 4-Hydroxyproline-2 B2 7650 294 521 hF 20 | 0IMHCI 50 |HMDBO60SS 69248 CO1015| 94a
37 :’;:'""ylb"'ync acid 4P phenylbutyrate 1795 3461 104 147 Ngi-:g[o, 100 63
38 i ic acid 5390 283 256 hE 40 | o1MHCI 10 |HMDBoll49 137 coo430| 97
39 acid 551 256 269 hF 40 |oiMuC 10 |HMDBO3ss 138 consst| i
40 jcacid 5k 540 227 13 PB 10 | DIwater 10 | HMDBo0S25 170748 53
n acid 590 372 599 hF 20 DI water 10 |uMDBOOTe3 1826 Cose3s| 144
2|51 5t (isomers) 10221 269 256 hF 40 | o1MHC 50 |HMDBOO4SO 3032849 Cl6741| 138b
43 | Acetylglycine N-Acetylglycine-2 (NH) 5250 256 483 hE 200 | DIwater 10 |HMDBO0S32 10972 37
44 Aconitic acid (trans) Aconitate 7200 321 492 PB 200 | Diwaer 100 |HMDBOO9SS 444212 C02341| 54
45 | Adipic acid Adipate 5100 282 311 PB 40 ethanol 100 |HMDBoO44s 196  coolo4| 45
46 | Alanine Alanine 4970 270 70 hF 40 | oiMHC 100 |HMDBoOI6I 5950  Cooodr | 29
47 | Aminoadipic acid 2-Aminoadipate 7510 124 282 hF 40 | oiMHC 100 |HMDBo0SIO 469 Co09s6| 93
48 | Asparagine Asparagine 520 295 95 hE 10 | o1MHCI 100 |HMDBoOI6S 6267 coo1s2| 70
49 | Aspartic acid Aspartate 7230 254 496 hE 40 | 0IMHCI 100 |HMDBO0IOI 5960  C00049 [ 64
50 | Azelaic acid Azelaate 5521 353 152 PB 20 ethanol 10 |HMDBoOTS4 2266  Cos261 | 86
51| Benzoic acid Benzoate 3040 105 304 PB 40 ethanol 100 |HMDBOIS7TO 243 cootso| 20
52 | Beta-Alanine 3-Alanine 4970 270 113 hF 4 | oiMHCI 10 |HMDBoOOSs 239 00099 [ 44
53 | Citraconic acid Citraconate 4940 295 267 PB 40 DI water 10 |HMDBO0G34 643798 02226 16
54 Citramalic acid Citramalate-1 (lactone) 108 3120 85 285 B 10 | DIwater 10 |HMDBOO426 1081 Coosis| 21a
55 | Citric acid Citrate-2 (OH) 179 7380 311 269 PB 400 | Dlwaler 100 |HMDBO0094 311 C00158| 60a
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4-Hydroxy-3-methoxycinnamate
Fumarate

Glutamate

Glutamine

Glutarate

Glycerate (2,3

Glyceric acid Dihydroxypropionate)
Glycine Glycine
Glycolic acid Glycolate
Glycylproline Glyeylproline

o I ine-1 (cyclic)
Hippuric acid Hippurate-1 (cyclic. 60%)
Histamine Histamine
Histidine Histidine-2 (NR)

Homocysteine
Homophenylalanine (hF,
1S)

Homovanillic acid

Homocysteine (total)**
Homophenylalanine

Homovanillate

ic acid

Hydroxyphenyllactatic acid

2
4-hydroxy-Phenyllactate

i acid 3F i (dimer)
Indolacetate Indolacetate

Tsocitric acid Isocitrate

Isoleucine Isoleucine

Isovalerylglycine yci

Ketoleucine 2-Ketoisocaproate

Kynurenic acid

Kynurenine

Lactic acid

Leucine

Lysine

Malic acid

Malonic acid

Mandelic acid

Methionine

Methionine sulfone

Methylcysteine

Methylglutaric acid

Methylmalonic acid

Methylsuccinic acid
1

Kynurenate
Kynurenine
Lactate

Leucine

Lysine-2 (V,N-R)
Malate

Malonate
Mandelate
Methionine
Methionine sulfone
S-Methylcysteine
3-Methylglutarate
Methylmalonate

Methylsuccinate

V.

yl-aspartic acid
Nicotinic acid
Omithine

Oxalic acid
Oxoglutaric acid
Palmitic acid
Phenylacetic acid
Phenylalanine
Phenyllactic acid
Phenylpyruvic acid

Nicotinate

Ornithine

Oxalate
2-Ketoglutarate-2 (80%)
Palmitate

Phenylacetate
Phenylalanine
3-Phenyllactate

Phenylpyruvate

Phthalic acid Phthalate
Pimelic acid Pimelate
Proline Proline

P
Propi | i

Propyl pentanoate

2-Propylvalerate

3242
2222
29.45
32.63
8.78
30.64
9.53
20.82
26.64
12.51

17.68

13.56
9.35
29.83
14.07
19.86
26.48
279
24.68

25.98

26.07
1279
28.54
16.06
27.61
20.18
15.93
17.77
743

29.99
35.07
9.14
15.84
28.79
16.04
751
19.45
21.65
28.51
19.13
12.93
7.54
10.38
18.38
12.17
2725
5.38
14.6
2891
12.65
2339
2092
22.84
17.79
17.09
16.84
34.6
15.55
8.61

1038.0
755.0
1006.1
1057.0
496.0
602.0
480.0
7370
554.1
496.0

740.0

483.0
484.0
580.1
155.1
161.0
563.1
789.0
769.0
587.1
590.0
540.1
816.0
526.0
3571
964.0
539.1
341.1
312.1

99
105
308
307
282
91
107
296
572
255
130

371
146
271
312
310
281
269

297
270

296
113

118
331
296
296

468

297
497
212
213
153

590
113
345
298
357
321
312
525
57

255

183
284
438
318
330
131
329
332
325

40
100
40
40
40

40
40
100
40
40
200
40
40

400
40
200
40

0.1 M HCI
0.1 M HCI
DI water
0.1 M HCI
DI water
ethanol
DI water
0.1 M HCI
DI water

DI water

DI water

DI water
DI water
0.1 M HC1
DI water
ethanol
0.1 M HCI
0.1 M HCI
MeCN
0.1IM
NaHCO3
0.1 M HCI
DI water
DI water
DI water
MeCN
DI water
0.1 M HCI
DI water

DI water

NaHCO3
0.1 M HC1
DI water
0.1 M HC1
0.1 M HCI
DI water
ethanol
DI water
0.1 M HCI
0.1 M HCI
0.1 M HCI
DI water
DI water
DI water
0.1 M HCI
0.1 M HCI
0.1 M HC1
DI water
DI water
ethanol
ethanol
0.1 M HCI
DI water
ethanol
DI water
ethanol
0.1 M HCI
0.1 M HCI
DI water

DI water

100
100

HMDB00099
HMDB00574
HMDBO01370
HMDB00609
HMDB00622
HMDBO00954
HMDBO00134
HMDB03339
HMDB00641
HMDB00661

HMDBO00139

HMDB00123
HMDBO00115
HMDB00721
HMDB00701
HMDB00714
HMDB00870
HMDB00177
HMDB00742

HMDBO00118
HMDB00746
HMDBO00755
HMDB00700

HMDB00193
HMDB00172
HMDB00678
HMDB00695

HMDBO00715
HMDB00684
HMDB00190
HMDB00687
HMDBO00182
HMDB31518
HMDB00691
HMDB00703
HMDB00696

HMDB02108
HMDB00752
HMDB00202
HMDBO1844
HMDB00812
HMDBO01488
HMDB00214
HMDB02329
HMDB00208
HMDB00220
HMDB00209
HMDBO00159
HMDB00779
HMDB00205
HMDB02107
HMDBO00857
HMDB00162
HMDBO06695
HMDBO00783
HMDB40296

439258
5862
439283
836
11756
445858
444972
23327
5961
743

439194

750
757
79101
99463
464
774
6274
778

1738
83697
9378
68152

1198
6306
546304
70

3845
161166
107689

6106

5962
92824

867
439616
6137

24417
12284
487
10349
65065
938
6262

97
51
985
999
6140
3848
997
1017
385
145742
11902892
98681
67328

C02291
C00097
C00666
C00355

C01494
€00122
€00217
C00064
C00489

C00258

€00037
C00160

C01586
C00388
C00135
C05330

C05582

C03672
C01013

C00311
C00407

€00233

C01717
C00328
C00186
C00123
C00047
€00497
C00383
C01984
C00073

€02170
C08645
C01042
€00253
C00077
€00209
C00026
C00249
C07086
C00079
C01479
C00166
C01606
C02656
C00148
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115 | Pyroglutamic acid Pyroglutamate 18.9 537.0 310 84 hF 200 DI water 100 HMDB00267 7405 C01879 69
116 | Salicylic acid Salicylate 19.41 546.0 120 303 PB 20 DI water 10 HMDBO01895 338 C00805 73
117 | Salicyluric acid 2-Hydroxyhippurate 28.82 603.0 120 403 hF 40 0.1 M HCI 10 HMDB00840 10253 C07588 120
118 | Sarcosine Sarcosine 1207 4970 270 226 hF 20 | oiMHCI 10 |HMDBO0271 1088 co0213 25
119 | Sebacic acid Sebacate 2316 5661 98 367 PB 40 ethanol 10 |HMDBoOTO2 5192 cos277| 95
120 | Serine Serine 19.6 739.0 268 295 hF 100 DI water 100 HMDB00187 5951 C00065 77
121 | Stearic acid Stearate 325 4663 255 466 PB 20 ethanol 50 |HMDBO0s27 5281 Co1s30| 134
122 | Suberic acid Suberate 19.2 538.1 339 138 PB 20 MeCN 10 HMDB00893 10457 C08278 72
123 | Succinic acid Succinate 1032 4820 283 55 PB 40 Diwaer 100 |HMDBO0254 1110 Cooo42| 17
124 | Thioproline Thioproline 19.46 541.0 314 287 hF 20 0.1 M HCI 10 75
125 | Threonine Threonine-1 (OH) 17.42 5270 100 283 hF 100 0.1 M HC1 100 HMDB00167 6288 C00188 57a
126 | Tiglylglycine Tiglylglycine 127 3390 83 55 hF 40 Diwater 50 |HMDB00959 6441567 23
127 | Tryptamine Tryptamine 34.18 612.1 130 386 hF 20 0.1 M HCI 10 HMDB00303 1150 C00398 139
128 | Tryptophan Tryptophan 344 6121 130 131 hF 40 NaOH 100 |HMDB00929 6305 coo07s | 141
129 | Tyramine Tyramine 30.06 589.1 346 333 hF 20 ethanol 10 HMDB00306 5610 C00483 127
130 | Tyrosine Tyrosine 30.58 815.0 333 289 hF 40 0.1 M HCI 100 HMDB00158 6057 C00082 129
131 | Urocanic acid trans-Urocanate 2530 5460 347 546 hF 20 DI water 10 |HMDB34174 1549103 102
132 | Valine Valine 14.1 525.1 298 283 hF 40 0.1 M HCI 100 HMDB00883 6287 C00183 40
133 | Vanillactic acid :":z:i‘;;ijn'y“mm 3038 8460 375 s61 PB 20 DI water 10 |HMDBOO9I3 160637 128
134 ic acid i 28.92 832.0 832 377 PB 20 0.1 M HCI 10 HMDB00291 736172  C05584 122
Table 2.

GC Injector Mode Pulsed splitless (elevated head pressure from 110 to 220 kPa)
Liner Sky® 4 mm LD. cyclo double taper inlet liner (Restek,
i
P/N 23310)
Temperature 220 °C
Injection volume 1uL
Temperature 220 °C
GC Oven Initial temperature 60 °C
Ramp 5 °C/min to 240°C, 20 °C/min to 320°C
Run time 38 min
GC Column Capillary-cotumn ZB-XLB type, 30 m x 0.25 mm ID, 0.25 pum film thickness

(Phenomenex, P/N THG-G019-11)

Carrier gas Helium

Flow rate 1.2 mL/min

Mode Constant flow

Outlet pressure vacuum
GC-MS Transfer Line Temperature 250 °C
MS Quadrupole Ton source temperature 230 °C

Full scan mode m/z 40 — 900 Da

SIM mode metabolite SIM m/z ions, see Table 1
Software MSD ChemStation (version E.02, Agilent)
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