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Abstract

Oxidative instabilities of ,B—sitosterol-fatty acid esters, including ,B—sitosteryl hexanoyl
ester (Sito-C6:0 ester), ,B—sitosteryl lauroyl ester (Sito-C12:0 ester), ,B—sitosteryl palmitoyl ester
(Sito-C16:0 ester) and ﬂ-sitosteryl oleyl ester (Sito-C18:1 ester), were investigated in
comparison with native ,B—sitosterol in different model systems. Effect of heating pure
phytosterol and its esters (60, 100 and 1800C), effect of lipid matrix (bulk oil and emulsion
stored at 550C) and oxidation reaction in lipid based food (margarines stored at ambient

temperature (2500) and accelerated temperature (550C) were monitored. Oxidative indices
including HPV, TBARS, p-AV, 7-keto derivatives and remaining phytosterol content were
analyzed together with kinetics plot. The results showed that oxidation of phytosterol and its
derivatives increased with increasing heating temperature. However, the types of phytostrol or

phytosteryl ester responded to temperature differently. Phytosterol esters oxidized faster than
the native form when heated at 100 and 60°C but the contradictory result was observed when

heated at 180°C. When considering the type of fatty acids esterified, unsaturated fatty acid
rendered the ester with higher degree of oxidation when compared with saturated short chain,
medium chain and long chain fatty acids, respectively. For the effect of lipid matrix on oxidation
during storage, it was found that changes in oxidative indices (HPV, TBARS, p-AV and 7-keto

derivatives) differed depending on sterol structure and lipid matrix. Unsaturated ester oxidized

faster than saturated counterpart and native ,B—sitosterol, especially in emulsion. For the
oxidation in margarine, it was noted that margarine fortified with sito-C18:1 had the highest rate
of oxidation throughout the storage at both ambient and accelerated temperatures. However,

the results were fluctuated when others derivatives were added. A kinetic evaluation of the loss

of ,B—sitosterol and its esters throughout the storage was performed. All changes fitted a first
order kinetic model and the rate of reaction was dependent on sterol structure, temperature and

lipid matrix.

Key words: ﬂ-sitosterol-fatty acid esters, oxidation, bulk oil, emulsion, margarine
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2.3 Wafnwuafivsmwanndjisoeendiatuveseynusieainasvatlnlosinevasuas
nya lwanluszuuaimisdssianloan

3. NMISNUNINITIHATIN
3.1 wdiuazdslondvasinlosinasoauazannns

311 Tassaswmataizaslnlaainasea

nlamastenidumstsznavlungulasinadiu (triterpene) Afasuandiwin 28 w30 29
azaaN i‘fuag’ﬁmﬁmm"[%l‘[mmmmaa TASIRIRAN LT N LRI FIUDBIIIUAIUTLADTO AN
mu%auimmamy;"lamaﬂ%aﬁm?uau@mmmﬁ 3 T A uaz D (gﬂ‘ﬁ' 1) Tagralusia
aiaaLﬁau"qﬂﬂﬁﬁ@ﬁmﬂ%aﬂmﬁuﬂw”uﬁ:@;s:ijﬂﬁuam‘mmm“ﬁ' 5 uaz 6 lurmefign uos
(stanol) Lﬂumsﬂi:ﬂauﬁ'ﬁ‘[maa%aﬂﬁwﬂﬂﬁaﬁ'umivl,&iﬁw‘"uﬁ:@;agﬂﬂmaaiﬁa laolWlazinases
ahafnylevia I usrsumd Idur wen-Slamaases sANNAADTEN LANURLADTON WA U
Fnaaatea Ludu lassanamaafizadinlasinaseainnuasuadinuaatasiaasaatdn
28191IN (gﬂﬁ' 1) I@mLu@T’]-G]‘}I@]al,maiaaﬁﬂ’nw,mn@mmnﬂaLam@asaal,ﬁmm@ﬁﬁ%yjl,aﬁaﬁ
ANSUBUEILAUIT 24 BaIlTTN 1u°umzﬁmejm@asaaﬁﬁy}uﬁaﬁms’uam‘hLLmLa@Taﬂéin
atnalsfimuanuuandrzaslansiuisudniasanasinalianumannlunisgadylnlas
\aaTaauazAalaRIAaIaaluTIMBNusddaNuuandny laslWlasaasesazgnaadalus u
pasirldanlalulsunmidininneiasiaasaatinognauin nafanslasiaaseai lasuain
anIAzgnadudhgiemounnitiasas 50 Iumm:ﬁinmmz@@%ﬂﬂi@mmasam'mm‘ms
VNEITRERE 10-15 wi’ﬁfu (Salen wazatwe, 1992; Heinemann wazatbe, 1993; Latjohann LLazathe
. 1995)

v
A A & Aa

VLWI@]aLmsaaiT@Lﬂumﬂumjm amphiphilic nafadasndsznavvasgIniivinay laii

magﬂuimaqmﬁmﬁ'u I@Uﬁamuuﬁmamﬁdﬁqmﬁnﬂﬁﬁaa ANADULAAIVDS LaN-Blage

; a o Q 1 Qq//
2708 LANURLADTAA LASRANNIFLADTAN AD 140 157-158 WA 170°aw audrau anulauden
w3 lifitlazq (hydrophobicity) vaslWlasmaateauuazinuidasnuiwminarivenludiuvald
@ , A Ao & AT 1w a & \ 9 a s A
219 NE1IADWINTITWIBANTLAWN LETINNIINTY 2RI AN Laidvas W lasiaavaatia
< a & o & A A & A A A '
w9 1RugIdu ainulnlasinasaanfinniuan 28 wie 20 azasw azdanulifitaginds
ABLAFLADIBATININUIUATLAUNINNA 27 BEBY (Nes, 1987; Armstrong waz Carey, 1987)
' = A o ' ' Y 2 A ° ) a <
ama"l,iﬂmumsuwuﬁ:glumumaaImmomwﬂﬂWImm@maamwum:mi%mwum
. S x . _
(hydrophilic) va4lWlasaasaaiiugsin laorial) Inlasaasanlugudass (free phytosterol) uaz

o ¢ & a v o A A& . @
'PJELW%‘D—LE’]aLV]aiﬁ]z&lﬂqquaquqiﬂluﬂqsazﬂ’]UI%@I’JﬂqazﬂqﬂﬂvLN&]"ln LD LanLeow Lﬂu@]u
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Ergosterol

Stigmasterol Brassicasterol

37 1 lassgfrmaniizasnaiasaasaauaz iWlasinasen

I3

3.1.2 amdslamivasinlaainaseauaznisdszanadldluainis

Wlasmaaveaiunumamaglunssansme 1n IElunnindasidosasd (steroid) lund
\N&T (Fernandes Wz Cabral, 2007) uazidussduginigafuaalasinaan lagltiauadlu
mmnﬁaqmmw uaﬂmnﬁﬂ’aﬁqmauﬂ'ﬁlﬂumiéﬁumﬁo AIWANTONLRY LRTAIWNTLAG
2aNTLATW (Niazi, 2003; Okoli Laz Akah, 2004; Nashed wazathe, 2005; Choi Liazatwe, 2003;
Berger LazAmae, 2004; Platt wazatue, 2004) wazltiduasaaussfefda (surfactant) TuAaA A
138981879 (Folmer, 2003) &wiuludnarrisuazlnswnisun ununinaanvesinleae

A o v ni B oq; = =S va v [ 1
avaafe hwihiidussdudinsgadunaasaasea ‘N%]&lﬂ’ﬁ‘ﬂi:Elqﬂ@ﬂ“liﬁ’]i@dﬂa’]’slua’m’ﬁ
LAZLATAIANNIINITA R A THA I@EJVLWT,ML@asaalugﬂmqwm:gﬂmma"l,ﬂslummnmww
Qmﬂiﬂsmﬂuudmaammm:d’maLaaLmaiaaluLﬁa@ (Marangoni W&z Poli, 2010) Engel Waz
Schubert (2005) SnawifoudyWlasnasealundnnuyiannslssnnduath niaianaly
a nid a a ‘; a a nid a = o [ a
LazsRandUSu1 ol wdl laguinisusianinisiaulnlesiaasaa laini1311951mn g
=3 Q =Y Q 4 A 1 a Qs L 1 Q

willzdluansazrasniadmuyiunIuiegunn Girzyiwiadmsiaindiaaninaaizey
ABLARLADITDANINNALALABLARLADTBANTINAINUA WU TAUAINAU LG 16 (cholesterol-low
density lipoprotein) (Madsen uazame, 2007) wananiesdnisidunlasanasaaluninnmumiing
(Nestel kazame, 2001) latisa ludiein (Madsen uazamhe, 2007) NN8ILUE NFAA TaalnLas
WRTHANA AN VWD (Abumweis WRZADHE, 2006) Wi (Madsen WazAdsy, 2007) LazLAIoIA
(Shin uazamsz, 2003) udu Abumweis uwazAmz  (2006) szyimaiavinWlasaasaaly
NRAA AU DILLR TIRRA Wi ¥Ialulisa azlvnaluniIaaszaunalagiaasas o aninnIsaw
W lasnateslundanmsianwIaiadu wananitaneauwes Cliton Wazanse (2004) G9L9%
' A o 5 Aa A o & I ') a
’nm‘m'ﬂnﬂuuvlwummmim:uagwumaamawaaiﬂmamasaaLLazﬂm"me:malumsa@

T AUAALARLADTAR LA DA LANINNTN 3 11N LA UALNITUSIAAY W UINTNITLENRITAINET?
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Tuzudsszludanauriviu lasasdnmramnsuaznzasansgaimuazanningladldszydn I
lasmaasaaidanudasansdwsulslua1wis (Marangoni uaz Poli, 2010)
AsATzALABLARIABTEANINNARSBUS NI MABLARIABTEANIINAINUA W UTAUAINY
' e A & o o o Ao ' a o A o A
nwuswd lwfaageiu dadndusnnaddyninllgnisifalsanala daduliaiiousn
deliifianianovasuysdnalan (Fermades uaz  Cabral,  2007) lasanuidutuues

P ¢ = ) A A .
AalafaaIaaNilITnznIdzaunaasaaIaaluliaagifia = 240 UN./Aa. (Shin  uazAmE,
2003) aanwitnsnfidazininwlunsdesiumaialiaiilafieniniuquizdunaiasaaten
luidaalalildIanmgauiuld Mernikov uazame (2004) Moawinisaadanmaaiasiaaies
ninualuiianadiasas 1 v lizINsnanaNNtassaInsiialiaiilaad lddseun usauas 3
laslaisuinsdnsnasednlaainatealun1IanIzaLABLARIATOA LR EAAILAD A.a. 1950

A a @ 1 Q
(Marangoni waz Poli, 2010) F3nan1s3suszyininlasiaateasuninanizaunaiagiaasonls
\faalaadefidsz@ntanlasnlidnadadosla 9 (Wilson wuaz Rudel, 1994) maaasadny
A A o '
TBNUVBY Lea WAz Hepburn (2006) Tsdnmnanuiduisuesinlasaasoalusainasas wuin
liwuanudadndla 9 luny nazdns wezgianldsuansnimaduinlasiaasaaludiunmgs
agnddatitasduian 2 4 wananidslinunansenudessaugasluniiAuItaInunng

'
Aa A

Aa Aa 7 = al AaA a o 6 6
wigdulaludndaninsuilneamsndnmudveyiusiasinaizasinlasnaseauss IWlagen
uan (Lea Waz Hepburn, 2006) atindlsnaudsz@ntanluniiaaszaunalagianasoaluiionuad
g [ ~ o 1 a { Qs
Wlasiae seaduadivdadbnatodsznny tiu YSuam (dosage)  wazszuziIafllasy
29AUTENALUAZANBINNINEATN (physical form) 2adlnlaaaates LazN1TaaNLULANTIRY
\Judu (Ling waz Jones, 1995) Miettinen WazAmhy (1995) TNBNUINUF-Flaga 1uoa (WAN-T
laginatansiiaf liiiwuszg) suninaaszduaaiasiaasealuiianlddninud-Flasaates
& ) & A @ \ . Aa A v ) A
Wanasaunuuywd wennnitlWlasineseadiuaninasay (synergism) Adllaldiunvesiia
a a . . A dl v a o g o 1 dld s
Buaadu (simvastatiny - Faduernldaruquiiuimnaiasiaaseadnivgiiondszau
AaLaLADIaalWAaAgI (Gyling WazAmkz, 1997) Shin wazaAn: (2003) lddnwnazainuilag
A d'l nid a v = 6 (3 a @ a
wiasauninmsianlnlasnaseatasas 0.8 (Jeiddsznavvaudm-Tlasnatensonas 48 An
(% ) [ v | { o A
uFaaIaniasaz 26 uazuavdaiaeseaionaz 20) lugiioffiszavlasiedanfizesen
(triacylglycerol) uazAalaFIAaIaaluiAangy wudinsuilnaatasauaindlinadlunisaa
o o | A a v o [ ' a { a
szaunaiaaiaatanluianvedie SilasUnduiidihedindnazuilaaoimanddinal
lamaasaaddn uananidanunazaInIaaszauaaaaaatanlwionatalidbimanylugiend
msuslaaumsulasindsiunuunnidnindnlwlosaeses (Madsen wazamy, 2007) lag

=2 o o ! a @ A
ﬂ’]iﬂﬂ‘h}’ma“lla\TVLWI@]m@ 2738 aluﬂ’]ia@iz@uﬂa LARLEA aiaaluﬁdﬂ’aﬁlLLGZﬂuﬂﬂ@l LLRANANIAIINNN 1

13



P> o o | a
13N 1 NQTQGVLWIWQL@ﬂﬁﬂﬂluﬂ'ﬁa@i:@ﬂﬂﬂLﬂaL@aiaaluﬁdﬂfJﬂLLa$ﬂuﬂﬂ@

Phytosterols

Dose

Subject

Decrease in total
cholesterol or LDL-

cholesterol (%)

References

48% ,B-sitosterol,
26% stigmasterol
and 20%

campesterol

69% ,B—sitosterol,
15% campesterol
and 8%
stigmasterol

71% sitostanol
and 29%

campestanol

1.6 g/d
(8

weeks)

2.3 g/d
4

weeks)

3 g/d
4

weeks)

Hypercholesterolemia

Moderately

hypercholesterolemia

Non-

hypercholesterolemia

4.38 (total cholesterol)
8.28 (LDL-cholesterol)

5.5 (total cholesterol)

7.7 (LDL-cholesterol)

13.7 (LDL-cholesterol)

Shin LAt
(2003)

Madsen L8
Atwe (2007)

Mensink LR
atwe (2002)

nalnndanudwlllduasinlasiaasaalunitaaszaunalagiaasaslbiianfa N13aa

mi@@%maLaaL@lasaaluﬂﬁaLﬁuaﬁﬁﬂi (Fernades LAz Cabral, 2007; Marangoni Laz Poli,

2010) lagWlasaavenazutsdunuaaiasmaatanlunismaainuingluglvasluws (micelle)

t:i A > 1 s o o o = ai 1A Oq: e [ a
(UM 2) Felugadanarndudinandrdglundndssmsnliian laoanizloain dunds

. v & o ¢ o AN ¥ . o a A ' o &
mvl,mammgl,éma mﬂvl,@ﬂmaml,l,mmvl,vﬂ@mmaiaaummvmwmgammmaammaa A99h3h

> = ' a J v 1 o (% dl 1 o A
mi@@ﬂﬁu"LWI@]amasaalu‘luLsﬁammﬁ]zl,ﬂ@mu"l,@@mw linalasia aiaaﬂ"l,wgnml,amimlgﬂ

qutigaanuIwTaunuTadFeluTene agrlsnanuinlasinavaalSuimita m:gﬂg@%miﬁfﬂ

379078 LA IINNGILTRAY IR LRLANRINITOLENANLANGA1ITz R I W aaiaavaauay

Aalasiaasaa laiiuad19d Jarhlninlasia avaadIulnaigniaanaInIMenwiauiuva iy

) a a o & o =S & 1 e a '
LTWLAEIN muuwamaﬂﬂmamasaaslumsammmaLaamaiaaaa"l,muaQﬂummagmaﬂw

' J [ 1 a @ o a !
Imamasaa LL@]‘\W“IJ%E%ﬂﬂﬂ’]’]&lﬁ'ﬁl'ﬁﬂ“ﬂ?JGVLWI@IﬁL@]aiaﬂLL@]Q&"E%@I%TY]?TJN@]?ﬂﬂﬁﬂiﬁ%@gu |

lugﬂLL‘lJ‘]ﬂJa\ﬁVL&lL‘Ha (Rozner waz Garti, 2006)
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(a)g © . Oq

(b) (d) @~ d

o K& 0@“

‘:. = 1 %
311 2 nalnvasinlasaasealunmiaanisgadunatasaatealuitonme; mivauealu
sluuvluiwazasnaasiaeses (a), Analasiaasaanninfandioan luia leniksd 1§
WATNITUFLREA (D), MIUTITUIEWINI I laaLnoToALALABLARLABTER MANITINAINLENT
a di ai 1 = o
shadulugtunvluga (o), retamaaseaus: IWlamaaseanligngaduazgniveanain
319MY (d)

fan: Rozner Was Garti (2006)

3.2 nalnmstiadisensendiatuwaslnlnainesea

m3tfinsandiatuvaslnlamassensziinduadsadinufinulunsiasinasos lay
sansaifedwldnanniafiliwielultiawls (Dutta, 2004) u3a7lalsawlodin snansaui
mnﬁman%mfuaaﬂLﬂunavlﬂﬁLﬁmnTaaﬁ'unﬁLﬁ@agﬁaﬁas: \TY 0BLABBNTLATY
(autooxidation) L&z ﬂa"lﬂﬁvl,xiﬁmil,ﬁ@aggaﬁmx i IWlaaandiagi (photooxidation) (Lercker
a8z Rodriguez-Estrada, 2002) lagnisiialfissnsalasandiaruvasWlasaasasszasunis
Aumsifnealasendiatusonsalusiu (Porter uazamie, 1995) nandda Tudwisudun (initiation)
amamvlaimwngﬂﬁaaanmnaﬁuam‘iumﬁaﬁ 7 ldinaduayyadszraisinesen lay
nalnindoailiifaUfAsordududsliduidnlaethsukisain wdanaineanfiausiand
mmdaaqua (reactive oxygen species) lawy LLazmiLﬁuqm%Qﬁuszﬂué’amﬁmﬁﬂﬁ’
Lﬁ@ﬂﬁﬁ'%mmguﬁu (Dutta ULRzA™E, 1996) mumﬂﬁ@ﬂﬁﬁ%mmgu@imﬁaa (propagation) Wi 1Ae
ﬁnﬂawaé‘m:ﬁﬁ@i‘fmzﬁ’]ﬂﬁﬁ%mﬁﬂwLaqamaaaaﬂe’fmu Co,) ﬁﬂﬁl,ﬁ@awal,waiaﬂ%a F
Lffiaa%aSai:ﬁma'nﬁa"l,aimmuaaﬂmﬂ"LWI@]ama‘saaImaqaﬁu Mlrlandanuaiidulnlos
\A50a LalasinaTan ka (phytosterol hydroperoxide) ﬁLmﬂ@mﬁuLLa:ﬁﬂﬁLﬁ@a%aamzasm
doLiioq Im51wﬁm"’msﬁmﬂmsaane?jmf*ﬁ'umguﬂgwgﬁ (primary products) wanf snansasanealy
Lﬁuwﬁmﬁmsﬁmgunaﬂgﬁ (secondary products) l@a819RaINANE (Dutta LazADes, 1996) N1T
Léuﬁumaaﬂﬁﬁ%maaimaan%mfwmaoammamﬁimﬁaaﬁ'ﬂmﬁlﬁ@aggaﬁm:‘ﬁ' C-7 NN3

15



\NaU)Ni381 resonance delocalization 6?5\1Lﬁ@miﬁm@‘hLmuwaaawaﬁmzvlﬂﬁ'w‘mmm“ﬁﬁﬂﬁ
Imaqaﬁwé’amm"hq@ I@ﬂﬂ’ﬁ{l’m@‘i']l,lmmmada%aﬁai:mﬂ'\w‘i’]u,mi,aﬁ 7 \JuNaN1NaNsWa
maaw"’umﬂﬁayﬁ:quq C-5 uar C-6 aNalAlianfanmsianniseandiatunanae 7-
hydroperoxides (Smith, 1987) laaluszninenisidalnusouunazn1siAuIAEINLiI 7-
hydroperoxides sunTaEasal b epimeric 7-hydroxysterols WLas 7-ketosterols (Lercker Wax
Rodriguez-Estrada, 2002) 8W.uasuad 5, 6-epoxysterols LHunfanmsiannnisaandiasusia

=)

a Qd‘ o a a & { 1 a g s a 1 [
nmmguﬂaﬁﬂmmu@%ua (E‘]_J‘Y] 3) LL@]%JT]Lﬂ@]‘l]%'*ﬂ’mQ%@iﬂiﬂ?iz%?’]ﬂiﬂi(ﬂﬂwaiaﬂvL‘H@LLﬂtﬁL@la

AAAa

saafagmulumaduasfslidia (Lercker uaz Rodriguez-Estrada, 2002; Giuffrida, 2004) 910

nemIsemasatuszyi 556/ epoxysterol flamaAndulduinnin 50,600 epoxysterol
Lﬁaamﬂwamaa stearic hindrance ﬁmmn%yﬂamaﬂ%aﬁ C-3 (Lercker La¢ Rodriguez-Estrada,
2002) wiIINIAENHINILARaaNTLATHYIRIAD saadmlmﬁ:&jaLﬁu"lﬂﬁimiﬁﬂmumnﬁ@
20NTLATUVDINDLARLABIEN u,@'iNﬁ@m‘"mwi(mﬂmiaan%mﬁ'umguﬁam“ﬁauﬂugﬂLLmJLﬁmﬁ'u
(Lampi UazAme, 2002) uaﬂmﬂf‘:migtyLﬁﬁaz@auvlaimwuﬂ‘uﬁ@ﬁuvlﬁﬁm{uau@‘i’nmﬁ,oﬁ 3
(tertiaric carbons) luldtrvedlnlaaiaesea lasannnsiiansdnianusiannnseanGiatis
289 W laaLaa30881W1I0ATIINY 24-hydroxysterols (1T (24S)-ethylcholest-5,22-dien-3[3,24-
diol) Lz 25-hydroxysterols (LTt (24S)-ethylcholest-5,22-dien-3ﬂ,25-dioI) (Johnsson ae Dutta,
2003; Johnsson Lazatke, 2003) ’Lumm:ﬁ'mnwu 20-hydroxysterols (cholest-5-en-3,3, 20-diol)
and 26-hydroxysterols (cholest-5-en- 3ﬁ,26-dio|) Lﬁaﬁﬂmmiaaﬂ%mfmaaﬂmaamaiaa
(Smith, 1996) N1¥RaNTLATHVEY brassicasterol LWaz stigmasterol ﬁﬁw”uﬁ:@]'szij C-22 uaz C-
23 wa9lg1nd Fldiiandanmsiann1seendiaty Aa 5,6;22,23-diepoxysterols (Giuffrida Wa
ATy, 2004)
mﬂﬁ@aaI@laaﬂ%m%’uma\‘iaL@asaaLaaLﬂafﬁlzLﬁm‘fu@T’aUﬂa"l,ﬂmsl,ﬁ@akwaﬁasz
dsnnufinululnlasnasandase (Lercker Waz Rodriguez-Estrada, 2002) wanainitann
miﬁﬂmmﬂ,ﬁ@ﬂﬁﬁ%maaﬂs'fjl,@"ﬁ'uwmmmasaa"LaImLWaiaﬂ'lsnﬁmuslmyjﬁmﬁ@%uﬁ C-7
(Lercker uaz Rodriguez-Estrada, 2002) lasndasmsinaniiieduainmssasdivaslalasines
anlwdeanann da Awatwas 7-hydroxysterols, 5,6-epoxysterol Waz 7-ketosterol T3N3 triol,
20- hydroxysterols, 25- hydroxysterols LL@:BT#WWWE( 3,5-cholestadien-7-one %x‘l@]i’)‘ﬂwufﬂ’m
MIANBINTEaNTLATUVBINBLARLABTOALERINES (Korahani LAz, 1982) atndlsnaINea
mnﬁ’(ﬂaanff?jl,@"ﬁ'ulugﬂﬁmma:gﬂLaama%‘azl,l,@ﬂ@han”u NE1IAE LLEITAZANLANY ABLARLABTER
dsszifiad jAsoeandladldisininaaasanseataaned udluannzidnislwanuoulu
ama:msmmm%aazmUluﬁm”uwumsaaﬂ%"l@ﬁ*’naoagw“’uﬁaamaﬂué’mwﬁgoﬂiﬂugﬂ
Az (Smith, 1996) uaﬂmnf‘:a”mﬁmnﬁ@aaI@aaﬂ%m"ﬁ'maoﬂaLaamasaaﬁa‘szﬁaglugﬂwﬁmz
Aadulddninaaasaoseatamnoiinaininn uaofianisnizansdaluin sannaia

a % a £ v v ] .
aaﬂsﬁmmulugﬂLaamas"‘azl,ﬂ@muvl,@‘*mﬂm (korahani LLazatke, 1982)
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miLﬁ@aaI@aaﬂ%L@fumaaamasaaLaama%’mﬁ]Lﬁ@%ﬂ@?ﬂgﬂﬂmaqamammaamaiaa
uazlunsalusiu sawaliiAaniaduafannniseandiaduiulgunild s oiia do wiailuans
pasmiaasaaianteandladudnia luduligneandlad mﬁ@ﬁmmaaamasaﬂ&igﬂaan%vlwﬁ
winsalaguAaniseandlad uazahafiiianisoandladnssiuvesaaasoauasnsaly
(Smith, 1996) Lﬁiaﬁmsmﬂmm%ﬁamﬂuLaqa"uaam@]aiaaLaamas‘ﬁ’ﬂ,ﬁm@ﬂﬁmﬂlﬁ’hﬂﬁ
aaﬂéﬁm‘*ﬁ'm:l,ﬁm'fulu‘[wLaqmjaamahﬁuﬁauuﬁﬁamﬁmﬁ'flﬁ’l,ﬁ@ﬂﬂiaaﬂ%LwﬁumaaIuLaqaa
\na38a0t 91 9 (Oehrl LAzATAZ, 2001) Paniangvait WazAME (1995) zyisiiaaandiat
maaamasamaamafmmﬁwﬁuazhwial,ﬁaamzﬂuimaqa naNIfe m@"lmu”uﬁgﬂ 28NT laFA=A
a:@lauvl,ﬂmmumﬂmumaaamaiaaﬁag}'lu‘[maqmﬁmﬁ'u IR bALAANNTo NG AT U N
daiftas lann1sdnsnmsaunamaaiuaasliiiniidasnisfad jiseeandiatunas
aalasLAaToslamnadlutissuduaziinduauszaunnyliiuiaainsalusuiundanles
2814 IINAINBATINNTEANTLATUIZANRIANLIAT LALRAINNNTIAANNTOUADLARLADTORLDE
mosidwaauinnit 10 Talus wunsaendladuasnaiasaasoatosinasnianlaenunsa
vl,°11w"’uﬁlué’ﬂué'm’]ﬁgoﬂdﬂﬂﬁaan%ﬂmﬁmauaama%miwmaLam@]asamm:nmvl,mﬁuvl,&iﬁ'm”a
(korahani WazAmay, 1982) wanlunmsAnsdnsduazidunsdnsnlunaaaiaaseataainas ue
Lﬂuﬁmmn”uﬁaQLLai’a’jwnﬁsaaﬂs?ij@§ma01w1maL@aiaaLaama%zLﬁ@%ﬂ@”lué'nwmuﬁmn”u
Yanislieva uaz Maslarova (1980) vhniseinmsnaauwadansuasljisonaalaaandiaruvas
windlasaasasdarzuaziudslaginososatdoisn nuinlugr9sudusesnszuannis
DaNTLATI N agw"’uﬂaamas’auﬁ@miaaﬂsﬂmﬁayé’mwﬁgan'ﬁﬁLuﬁws‘ﬂmmasaaﬁmz
athslsfianudafinsazanos 7-hydroxysterols  Uas 7-ketosterols  LARdUluTI9naIVEINNT
28NTLATH ‘wudﬂé’@mmuﬁ@ﬂﬁﬁ%maan%mfumaaLU@TWG’I?I@&L@]asaaﬁluﬁugﬁfulﬂuazmmn
I@Uﬁnﬂms?iﬂmmmﬁ@aan%m%’wﬁlqmﬁnﬂﬁ 100°7 WuINaasINIinaalaeanGiaTuUaILLd
Flasaosoauaziudmdlagiaaseaafosn  Ingiasuauwyinny 1.1x10°  usz 2.1x107
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ABSTRACT

Oxidations of B-sitosteryl esters of hexanoic, lauric, palmitic and oleic acids were evaluated
in bulk oil and emulsion during storage at 55°C for 35 days in comparison with native f-
sitosterol. Changes in oxidative indices (HPV, TBARS, AnV and 7-keto derivatives) differed
depending on sterol structure and lipid matrix. Losses of sterol esters in both matrices fitted a
first order kinetic model. Unsaturated ester oxidized faster (k = 0.0244 day'l, R? = 0.8838)
than saturated counterpart and native f-sitosterol, especially in emulsion. Sterol structure and
lipid matrix were thus the main factors determining the oxidative stability of phytosterol ester
during storage.
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INTRODUCTION

Phytosterol esters have been fortified into various food products as a functional ingredient
due to their cholesterol lowering properties [1-5]. Due the lipid soluble capacity, phytosterol
esters are commonly supplied into food products rather than its crystalline free form in order
to achieve the effective dose. Abumweis et al. [5] suggested that the incorporation of
phytosterols into spreads, mayonnaise/salad dressing and milk/yoghurt was associated with a
greater efficacy in LDL-cholesterol reduction than incorporation into other foods, suggesting
the important role of the food matrix in the cholesterol-lowering effect.

Phytosterols and derivatives as lipid compounds are prone to oxidation, particularly when
being subjected to heat treatments and long term storage. Autoxidation of phytosterol fatty
acid esters involves the same free radical mechanism as that of oxidation of free phytosterols
[6] and the mechanism of sterol oxidation is similar to free radical oxidation of fatty acids
[7]. Oxidation studies have revealed that sterol hydroperoxides mainly form in the allylic C-7
position [6]. In addition, the same major decomposition products, the epimers of 7-
hydroxysterols, 5,6-epoxysterols and 7-ketosterol, as well as triol, 20-hydroxysterol, 25-
hydroxysterol and 3,5-cholestadien-7-one derivatives, have been found during oxidation of
cholesterol esters [8]. Evidence of the negative biological effects, mainly cytotoxicity, of
secondary phytosterol oxidation products (POPs) and their presence in plasma of healthy
humans have raised the question of what are the critical conditions under which the oxidative
reactions take place [9-10]. Different oxidation rates of sterols have been observed. For
instance, in aqueous alkali, free cholesterol oxidized faster than its esterified counterpart, but
when heated in air or dissolved in oil, the situation was the opposite [11]. Furthermore, in the
solid state, the autoxidation rate of free cholesterol was much lower than that of cholesterol

esters, but in water dispersion the oxidation rates were reversed [8].
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Elevated temperatures and exposure to oxygen, light, water and metals (pro-oxidants) during
food processing can enhance lipid and phytosterol oxidations [12]. Food processes can also
lead to redistribution of lipid compounds in the food products, causing enlargement of the
contact area with oxygen and reduction in the activity of natural antioxidants [13].
Phytosterols would be particularly prone to oxidation when they are incorporated in
emulsions [14]. In the vegetable oils the phytosterol oxide contents increased after frying
[15]. In commercial spread enriched with phytosteryl esters, negligible amounts of
phytosterols were observed to be oxidized [16]. Heat processing and extended storage can
induce phytosterol oxidation in enriched samples and the extent of oxidation has been shown
to be matrix dependent [17]. At high temperatures, the phytosterols oxidized more in the
saturated lipid matrix, and at low temperatures, in the unsaturated matrix [17]. So far, only a
few studies have been carried out on phytosteryl fatty acid esters oxidation. Korahani et al.
[8] studied the autoxidation of cholesteryl fatty acid esters in solid-state and aqueous
dispersion. Yanishlieva et al. [18] studied the autoxidation of fS-sitosteryl stearate in its pure
state. In addition, Soupas et al. [19] reported that phytosteryl esters were more reactive than
free phytosterols during prolonged heating at 100°C whereas free phytosterols were slightly
more reactive than phytosteryl esters at 180°C. Soupas et al. [17] established that the
structure and lipid matrix are the main factors affecting the formation of oxidative
derivatives. In the case of unsaturated lipid matrix, the oxidation of lipid matrix and sterol
was coupled. The oxidative process has started with oxidation of the unsaturated lipids and
spreads to the sterol compounds [17].

However, no systematic research has been carried out on phytosterol fatty acid ester
oxidation. Thus, the aim of this study was to evaluate the oxidative stability of four
synthesized phytosterol fatty acid esters including p-sitosteryl hexanoate (Sito-C6), S-

sitosteryl laurate (Sito-C12), fS-sitosteryl palmitate (Sito-C16) and f-sitosteryl oleate (Sito-
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C18:1), in comparison with native phytosterol (f-sitosterol), during accelerated storage in
bulk oil and emulsion model systems at 55°C for 35 days. The structure-stability relationship

and the influence of matrix on the rate of oxidation were mainly focused in this study.

MATERIAL AND METHODS

Chemicals

[-Sitosterol was purchased from Sigma-Aldrich (St. Louis, MO, USA). Hexanoic acid, lauric
acid, palmitic acid and oleic acid were from Nu-Chek Prep, Inc. (Elysian, MN, USA) with a
minimum purity of 95%. Immobilized Candida antarctica lipase A, NZL-101 was purchased
from Codexis, Inc. (Pasadena, CA, USA). All solvents such as methanol, diethyl esther, n-
hexane and acetone were of HPLC grade and obtained from Sigma-Aldrich (St. Louis, MO,

USA).

Synthesis of phytosteryl fatty acid esters

In this study, S-sitosterol was selected as a model substrate for synthesis of phytosteryl fatty
acid esters because it is the most abundant phytosterol found naturally in plants and plant
products. A series of aliphatic fatty acid esters of S-sitosterol were prepared according to the
method of Panpipat et al. [20] by mixing f-sitosterol with short chain- (hexanoic acid),
medium chain- (lauric acid), long chain- (palmitic acid) and unsaturated- fatty acid (oleic
acid) at a mole ratio of 1.0:1.0 (mol/mol). The concentrations of f-sitosterol and fatty acid
were fixed at 0.2 M. The reaction was typically performed at 40°C for 24 h with agitation at
500 rpm using hexane as a solvent in the presence of 5% Candida antractica lipase A (CAL
A) (Wt% of p-sitosterol). The reaction was terminated by filtering out the enzyme. The

resulting reaction mixtures were applied onto a thin layer chromatography (TLC) with silica
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gel to confirm the formation of products. The plates were developed with cyclohexane/ethyl
acetate (4:1, v/v).

To remove unreacted fatty acids, the reaction mixture (1 g) was dissolved in 10 ml diethyl
ether. The extracts were deacidified by three consecutive treatments with 6 ml, each, of 2%
aqueous sodium carbonate solution, followed by repeated extractions with water, to remove
the unesterified fatty acids as sodium salts. The diethyl ether phase was dried over anhydrous
sodium sulfate to yield 530 mg of a product containing <2% unesterified fatty acids. Future
more, the deacidified reaction mixture (around 0.5 g), as obtained earlier, was dissolved in 5
ml hexane:diethyl ether (9:1, v/v) and applied to a column (20 cmx1.5 cm i.d.) packed with
Silica Gel 60 (Merck) as a slurry in hexane. Elution with 30 ml hexane:diethyl ether (95:5,
v/v) yielded 168 mg crude reaction products containing 67% steryl esters. Subsequent elution
with 30 ml hexane:diethyl ether (1:1, v/v) yielded unreacted fatty acids together with small
proportions of unreacted sterols. Thereafter, 130 mg of the crude steryl esters from column
chromatography, was dissolved in 2 ml acetone at 50°C. Water, 0.2 ml, was added dropwise
under shaking. After cooling to 7°C, the acetone-water mixture was centrifuged and the
supernatant removed. The pellet was redissolved in 2 ml acetone and the procedure repeated.
After four cycles, the pellet (85 mg) consisted of 90% steryl esters. The resulting products
were then dissolved in diethyl ester and subsequently applied to TLC in order to confirm the
purity.

Oxidation in bulk oil

Tripalmitin (purity minimum 85%), which was being used as the matrix for bulk oil, was
enriched with f-sitosteryl esters with different fatty acids incorporated or commercial /-
sitosterol at a level equivalent to 1% (w/w). The oxidation of the enriched samples (5.0 g)
was carried out in glass vials in an oven (Memmert, Schwabach, Germany) at 55°C
(accelerated lipid oxidation system) for 0, 7, 14, 21, 28 and 35 days. The vials were taken
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from the oven at each sampling point and cooled in a desiccator before analysis. Samples
were subjected to analyze for lipid hydroperoxide (HPV), thiobarbituric acid reactive
substances (TBARS), p-Anisidine value (AnV), 7-keto derivatives and non-oxidized
phytosterol esters. Remaining of phytosterol esters and their kinetic parameters were also

calculated.
Oxidation in emulsion

Oil-in-water emulsions were prepared by blending tripalmitin with a polyoxyethylene 23
lauryl ether solution (Brij35; 1.5% w/w in 10 mM acetate-imidazole buffer, pH 7.0) at a final
lipid concentration of 15% (w/w). f-sitosterol esters and commercial f-sitosterol were added
at 5% of total fat content (w/w). Emulsion was made by homogenizing the lipid and aqueous
phases for 5 min, using an IKA Labortechnik homogenizer (Selangor, Malaysia) at 20,000
rpm. Samples (5.0 g) were placed in glass vials and left in an oven at 55°C (accelerated lipid
oxidation system) for 0, 7, 14, 21, 28 and 35 days. The vials were taken from the oven at each
sampling point and cooled in a desiccator before analysis. The oxidation of enriched steryl

esters emulsions was determined as same as in bulk oil system.
Determination of lipid hydroperoxide value (HPV)

HPV was determined using a modified method of Shantha and Decker [21]. Samples were
mixed with 2.8 ml of choloform/methanol (2:1, v/v) and 30 ul of thiocyanate/Fez+ solution
and then vortexed. The thiocyana‘[e/Fe2+ solution was made by mixing one part of 3.94 M
thiocyanate solution with one part of 0.072 M Fe®* solution (obtained from the supernatant
of a mixture of one part of 0.144 M FeSO, and one part of 0.132 M BaCl, in 0.4 M HCI).
After 20 min, the absorbance was measured at 510 nm using a UV-1601 spectrophotometer
(Shimadzu, Kyoto, Japan). HPV was determined using a cumene hydroperoxide standard
curve.
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Determination of p-Anisidine value (AnV)

AnV was determined spectrophotometrically using the standard method 2504 TUPAC [22] using a
UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan)

Determination of thiobarbituric acid reactive substances (TBARS)

TBARS was determined by using spectrophotometric method as described by Ke and
Woyewoda [23]. Sample (50 mg) was mixed with 5 ml of TBA solution. The solution was
incubated in boiling water for 45 min. Mixed solution was cooled down to room temperature
by using ice bath. Thereafter, TCA solution (4 ml) was added. The resulting solution was
centrifuged at 2,500xg in a RC-5B plus centrifuge (Sorvall, Norwalk, CT, USA) for 10 min
in order to separate the pink water phase from the chloroform phase (bottom). The water
phase was collected and subjected to measure the absorbance at 538 nm against blank that
was prepared as above without oil sample. Standard curve was made by varying
concentration of 1,1,3,3-tetracthoxypropane (TEP) from 0-1.4 mg/l.

Analysis of phytosterol oxide

Analysis of phytosterol oxide was carried out according to the method of Soupas et al. [24]
by using 19-hydroxycholesterol as an internal standard in which the main steps were cold
saponification (overnight at 25°C), extraction of unsaponifiable material with diethyl ether,
purification of oxides by SiOH-SPE, derivatization of oxides to TMS ethers and analysis by
gas chromatography-mass spectrometry (GC-MS). The oxidized sample was dissolved in 5
ml of hexane/diethyl ether (9:1, v/v) and purified by the SiOH-SPE. In brief, the SiOH-SPE
cartridge was activated with 5 ml of hexane, after that 1 ml of oxidized sample was applied.
The cartridge was washed with 5 ml of hexane/diethyl ether (9:1 v/v) and 5 ml of
hexane/diethyl ether (1:1 v/v) to remove a polar compounds and non-oxidized phytosterols,
respectively. Phytosterol oxides were eluted with 5 ml of acetone. 19-Hydroxycholesterol (10

ug) was added to these acetone extracts to act as references, and the extracts was then dried
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under nitrogen, dissolved in 100 pl of pyridine, and subjected to silylation by BSTFA/TMCS
(100 pl) overnight at room temperature. The reagent was evaporated and trimethylsilyl
(TMS) ether derivative was dissolved in 200 pl of hexane before GC-MS analysis. GC
conditions were set as follows: column: Rtx-5MS w/ Integra Guard capillary column (cross
bond 5% diphenyl-95% dimethyl polysiloxane), film thickness 0.10 pm, 60 m x 0.25 mm
i.d.; carrier gas: helium, 1.2 ml/min (constant flow); temperature program: 70°C (1 min),
40°C/min to 280°C (35 min). MS conditions were set as follows: interface temperature,
280°C; ion source, 230°C; ionization: electron impact (EI) 70 eV. Quantification of
phytosterol oxides was performed by comparison the peak areas of the internal standard (19-
hydroxycholesterol). The GC response factor of phytosterol oxide was considered equal to 1.
Analysis of sterol remaining

Non-oxidized sterol contents of the samples were analyzed using a hot saponification method
[25]. In brief, lipid samples (0.25 g) were weighed into a 50 ml test tube. The internal
standard, dihydrocholesterol (0.4 mg) was added, and the samples were subjected to hot
saponification and extraction of unsaponifiables with 20 ml of hexane/diethyl ether (1:1, v/v)
after the addition of 12 ml of water. Phytoterol was silylated with
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TCMS) and
analyzed using gas chromatography-flame ionization detector (GC-FID). Analysis parameters
was set as follows: oven temperature 290°C; injector and detector (FID) temperatures 310°C;
carrier gas, helium at 1.6 ml/min. Phytosterols was identified by comparing their retention
times (relative to 5a-cholestane) with those of [-sitosterol standards. The sterol remaining
was calculated as follow:

o Sterol content at time interval
Sterol remaining (%) = — x 100
Initial sterol content
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Statistical Analysis

Data were subjected to analysis of variance (ANOVA). Comparison of means was carried out
by Duncan’s multiple-range test to identify significant differences (p<0.05) among treatments
[26]. Statistical analysis was performed using the Statistical Package for Social Science

(SPSS 10.0 for windows, SPSS Inc., Chicago, IL, U.S.A.).

RESULTS AND DISCUSSION

HPV

HPVs of f-sitosterol and its esters carried different fatty acid chain lengths during incubation
at 55°C for 35 days in bulk oil and emulsion model systems are presented in Fig.1A and 1B,
respectively. Generally, sitosterol oxides can be major products of f-sitosterol oxidation [27].
The oxidation of steryl esters in lipid media has been previously studied by measuring
peroxide values [18, 28] and peroxide values reflect all hydroperoxyl groups presented in the
sample [29]. Thus, HPV can be used to evaluate the degree of oxidation of fS-sitosterol and its
esters. From the results, in bulk oil system, the highest HPV at all time points was found in
Sito-C18:1, an unsaturated fatty acid derivative (p<0.05). HPV of Sito-C18:1 continuously
increased with increasing incubation time. For the native S-sitosterol, the HPV tended to have
the lowest value at the end of the incubation time, even though it gradually increased up to 21
days and declined thereafter. For a short chain fatty acid ester, Sito-C6, the change in HPV
was found with the same trend as native f-sitosterol but the values were higher at all time
points, especially at the end (p<0.05). The most structural similarity between native f-
sitosterol and short chain fatty acid ester (Sito-C6) would result in the same pattern of

hydroperoxide formation during incubation but short chain saturated fatty acid incorporated
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may undergo oxidation faster than long chain counterpart. With increasing carbon chain
length, from C12-C16, different changes in HPV were noticeable. HPV in Sito-C12 tended to
gradually increase throughout the storage time whereas changes in HPV of Sito-C16 had the
same trend with native f-sitosterol. Overall, at the end of storage, the lowest HPV was found
in native fS-sitosterol, followed by Sito-C16, Sito-C12, Sito-C6 and Sito-C18:1, respectively
(p<0.05). It can be postulated that structure of f-sitosterol with unsaturated fatty acid led to a
greater formation of HPV than that with saturated fatty acid. Among f-sitosterol-saturated
fatty acid esters, the shorter the chain length incorporated, the greater the HPV can be found.
The degree of hydroperoxide formation in S-sitosterol-saturated fatty acid esters at the end of
storage would in a relation with their fat-solubility. It has been reported that esterification of
[f-sitosterol with fatty acids introduced an aliphatic acyl group into sterol structure and
resulted in a significant decrease in melting points [20]. Native f-sitosterol, Sito-C6, Sito-
C12, Sito-C16 and Sito-C18:1 had a melting point of 134.1, 67.7, 79.5, 89.6 and 58.5°C,
respectively [20]. Fat solubility of f-sitosterol-saturated fatty acid ester with shorter chain
length should be more given. As a consequence, the shorter the chain length, the greater the
opportunity to oxidize to form primary product, hydroperoxide, can be expected in bulk oil.

In case of emulsion, the greater HPV accumulation was also found in Sito-C18:1 (p<0.05)
and the HPV in emulsion system was generally higher than in bulk oil suggesting the
profound effect of matrix on oxidation of f-sitosterol esters. HPV of native f-sitosterol, Sito-
C6 and Sito-C12 in emulsion tended to increase throughout the storage whereas Sito-C16
exhibited the different pattern. HPV of Sito-C16 increased gradually during the first 2 weeks

and decreased thereafter.
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TBARS

TBARS of f-sitosteryl esters with different fatty acid chain lengths during incubation at 55°C
for 35 days in bulk oil and emulsion model systems are presented in Fig.2A and 2B,
respectively. In bulk oil system, TBARS in all samples increased markedly throughout
storage (p<0.05). During the first 14 days, non-significant differences in TBARS in bulk oil
among samples were found (p>0.05). With increasing storage time, Sito-C18:1 tended to
have the highest TBARS value. Since decomposition of hydroperoxides yield aldehydes
resulting in increased the secondary lipid oxidation products as measured by TBARS. The
maximum TBARS value in bulk oil system was found to be 23-28 mg MDA equivalent/kg at
the end of storage. It has been reported that headspace hexanal concentration in bulk corn oil
containing 6,481+220 mg phytosterol/kg oil increased with increasing storage time up to 40
days at 55°C [28]. For the emulsion system, TBARS in all samples also increased with
increasing storage time (p<0.05) and the highest content of TBARS was found in Sito-C18:1,
followed by Sito-C6 and Sito-C16, respectively. Native f-sitosterol and Sito-C12 had the
lowest TBARS values (p<0.05). At the end of storage (day 35), the maximum TBARS values
in emulsion system were found in the ranges of 38-43 mg MDA equivalent/kg. Generally, the
degree of TBARS formation in emulsion was higher than in bulk oil with approximately
35%. The results were in agreement with Cercaci et al. [28] who found markedly higher
phytosterol oxidation as shown by greater hexanal content in corn oil-in-water emulsion
when compared to bulk oil during storage at 55°C. The results suggested that both nature of
alkyl side chain and the food matrix were the main factors affecting the oxidation of f-

sitosteryl esters during storage at elevated temperature.
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p-Anisidine value (AnV)

AnV of f-sitosteryl esters with different fatty acid chain lengths during incubation at 55°C
for 35 days in bulk oil and emulsion model systems are presented in Fig.3A and 3B,
respectively. AnV of all treatments changed differently in which they tended to increase with
increasing storage time. However, in bulk oil, the AnV of all treatments increased up to day
21 and dropped thereafter (p<0.05). The lowest AnV could be seen in native fS-sitosterol. In
emulsion, the AnV showed doubly higher than in bulk oil. AnV of all samples increased
continuously till the end of storage (p<0.05) excepted for Sito-C16 which was reduced at the
end. At the end, the highest AnV in emulsion was noticeable in Sito-C18:1, followed by Sito-
C6/Sito-C16 and Sito-C12/native fS-sitosterol, respectively. It has been reported that AnV
was used to monitor the oxidation of spreads enriched with plant stanol ester ingredient
during refrigerated storage (6°C) [30] and the result differed considerably from this study. It
was noted that, under low temperature storage, the AnV of spreads negligibly changed during
22 days of storage whereas, with higher temperature (55°C) and different matrix, the AnV
increased faster in this study. Overall, unsaturated structure of f-sitosteryl ester was more
prone to oxidation especially within emulsion as evidenced by the highest HPV, TBARS and
AnV whereas the oxidation of saturated counterparts was dependent on chain length and food
matrix.

7-ketositosterol

Fig. 4A and 4B show the concentrations of 7-keto derivatives of f-sitosterol and its fatty acid
esters in bulk oil and emulsion, respectively. In general, the 7-ketositosterol distribution was
higher in emulsion system when compared with bulk oil system. The same trend has been
also noticed by Cercaci et al. [28] who found the higher content of 7-keto derivatives in oil-
in-water emulsion than in bulk oil. The result suggested that 7-keto derivatives formation was

faster in the emulsified oil than in the bulk oil. This was due to the fact that the surface area

13

URL: http:/mc.manuscriptcentral.com/ljfp Email: shafiur@squ.edu.om



©CoO~NOUTA,WNPE

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

International Journal of Food Properties

of the oil in the emulsion is high. The contents of 7-keto derivatives in all samples tended to
increase throughout the storage. In both matrices, sample containing Sito-C18:1 had higher
content of 7-keto derivatives (p<0.05), suggesting the enhancement effect of unsaturated
structure on phytosteryl ester instability. At the end of storage in bulk oil, the 7-keto
derivatives content was found in order of Sito-C18:1 > Sito-C6 > Sito-C12 > Sito-C16 >
native f-sitosterol. This trend was somehow similar with HPV (Fig. 1A). However, in
emulsion system, different orders were noticeable in which Sito-C18:1 > Sito-C16 > Sito-
C12 > native f-sitosterol > Sito-C6.

Remaining of phytosterol esters and kinetics evaluation

The content of fS-sitosterol and its fatty acid esters decreased during storage as shown by a
reduction in remaining percentage of f-sitosterol and its fatty acid esters in both bulk oil (Fig.
5A) and emulsion (Fig. 5B) (p<0.05). The effect was much more seen in emulsion when
compared to bulk oil, especially at the end of storage, in which the lower remaining content
of [-sitosterol and its fatty acid esters was found in emulsion. The result was in agreement
with Cercaci et al. [28] who found that a higher phytosterols oxidation products level and
formation rate was found in the emulsion than in the bulk oil. In bulk oil, remaining
percentage of f-sitosterol and its esters gradually decreased throughout the storage and the
degree of loss was highest in Sito-C18:1 (p<0.05) followed by Sito-C16, Sito-C12, Sito-C6
and f-sitosterol, respectively. In emulsion, the lowest remaining content was also found in
Sito-C18:1 and native f-sitosterol tended to show the highest stability during storage. This
was in agreement with the TBARS values of these sterols throughout the storage. In both
matrices, some of native f-sitosterol may precipitate due to its poor solubility in fat.
Although, surface tension measurements showed that phytosterols had a high degree of
surface activity [28]. However, for phytosterol esters, they should behave differently between
two matrices. In bulk oil, phytosterol esters may solubilize in oil whereas they may align at
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both oil-water interface and oil phase in emulsion system. Phytosterol esters may have higher
degree of surface activity than native phytosterol, which would allow them to migrate to the
oil-water interface of the emulsion droplets where oxidative stress is high. Thus, the degree of
oxidation was higher in emulsion system. Since the oxidation can be enhanced at the
interface when compared to oil or water phase [28]. All tested S-sitosterol fatty acid esters in
this study can form nanodispersions and their stabilities were different depending on their
structures [20].

From the results, the remaining S-sitosterol and its fatty acid esters contents could depend on
the degree and stage of oxidation. Since different pattern of changes among samples and
matrices were noticeable for HPV (Fig. 1), TBARS (Fig. 2), AnV (Fig. 3) and 7-
ketositosterol content (Fig. 4) during storage. HPV referred to the primary oxidation product
whereas TBARS, AnV and 7-ketositosterol measured the secondary oxidation products. Total
changes of both primary and secondary stages of lipid oxidation resulted in the decrease of
remaining S-sitosterol and its fatty acid esters contents.

A kinetic evaluation of the loss of f-sitosterol and its esters throughout the storage was
performed (Table 1). All changes fitted a first order kinetic model which showed high values
of correlation coefficient (R* = 0.7612-0.9819). The result was on the page with the report of
Ansorena et al. [31] who found the first order kinetic during thermo-oxidation of cholesterol.
In both matrices, the lowest decrease rate was found in f-sitosterol followed by saturated S-
sitosteryl esters and unsaturated sitosteryl ester (Table 1). When compared between two
matrices, the rate of decrease in f-sitosterol was not much different in bulk oil and emulsion
in which their rate constants (k values) were not much different (0.0099 vs 0.0085). In the
case of f-sitosteryl esters, those in emulsion system tended to have greater rate of decrease
than bulk oil. The linearity in decrease of f-sitosteryl esters in bulk oil was better than in

emulsion as shown by higher R* value. The results suggested that during storage the
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oxidation and other reactions of fS-sitosteryl esters continuously occurred in bulk oil whereas
the fluctuation of change was found in emulsion system due to the progressive oxidation. The
rate of oxidation products formation and decomposition may vary to a greater extent in
emulsion system leading to the different pattern of changes when compared to bulk oil
system. In addition, not only oxidized phytosterols were found during thermo-oxidative
degradation but other products e.g. fragmented phytosterol molecules, volatile compounds
and oligomers were also found [32]. This was the reason why the remaining percentage of /-

sitosterol and its fatty acid esters decreased throughout the storage.

CONCLUSION

Oxidations of synthesized f-sitosteryl esters in bulk oil and emulsion during accelerated
storage at 55°C were faster than native f-sitosterol. Oxidative indices including HPV,
TBARS, AnV and 7-keto derivatives changed differently during storage depending on sterol
structure and lipid matrix. However, all indices tended to increase throughout storage.
Overall, losses of fS-sitosterol and its esters in both matrices fitted a first order kinetic model.
Unsaturated S-sitosteryl ester (Sito-C18:1) seemed to oxidize faster than saturated counterpart
and native f-sitosterol. Additionally, the oxidation was more likely enhanced in emulsion
system than in bulk oil. Therefore, the oxidative stability of phytosteryl ester during storage

was mainly governed by phytosterol structure and lipid matrix.
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3 514  Table 1 Kinetic parameters for remaining S-sitosterol and f-sitosteryl esters enriched oil and
4 515  emulsion throughout the accelerated oxidation test at 55°C

g Remaining S-sitosterol and f-sitosteryl ester”
7 Sample Bulk oil Emulsion

8 k (day™") R* k (day™) R®

9 [-sitosterol 0.0099 0.9648 0.0085 0.9819
10 Sito-C6 ester 0.0118 0.9819 0.0168 0.8613
11 Sito-C12 ester 0.0147 0.9637 0.0147 0.7633
ig Sito-C16 ester 0.0181 0.9052 0.0177 0.7612
14 Sito-C18:1 ester 0.0202 0.9391 0.0244 0.8838
15 516  “First order kinetic model corresponding to In wat = —kt
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Figure legends

Fig. 1 Changes in hydroperoxide value (HPV) of f-sitosterol and its esters with different
fatty acid chain lengths during incubation at 55°C for 35 days in bulk oil (A) and emulsion
(B) model systems. The bars indicate standard deviation from triplicate determinations.

Fig. 2 Changes in thiobarbituric acid reactive substances (TBARS) of f-sitosterol and its
esters with different fatty acid chain lengths during incubation at 55°C for 35 days in bulk oil

(A) and emulsion (B) model systems. The bars indicate standard deviation from triplicate

determinations.

Fig. 3 Changes in p-Anisidine value (AnV) of f-sitosterol and its esters with different fatty
acid chain lengths during incubation at 55°C for 35 days in bulk oil (A) and emulsion (B)
model systems. The bars indicate standard deviation from triplicate determinations.

Fig. 4 Changes in 7-ketositosterol content of f-sitosterol and its esters with different fatty
acid chain lengths during incubation at 55°C for 35 days in bulk oil (A) and emulsion (B)
model systems. The bars indicate standard deviation from triplicate determinations.

Fig. 5 Changes in remaining percentage of f-sitosterol and its esters with different fatty acid
chain lengths during incubation at 55°C for 35 days in bulk oil (A) and emulsion (B) model

systems. The bars indicate standard deviation from triplicate determinations.
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