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INTRODUCTION AND OBJECTIVES

1 INTRODUCTION AND OBJECTIVES

An elevated plasméow-density lipoprotein I(D)-cholesterol level is a scientifically established
risk factor forthe development of cardiovascular diseast leading causes of death worldwide
(WHO, 201k A daily dietary intake of approximately g2 phytosterols/stanols has been
demonstratel to result in a reduction of LDL and total plasma cholesterol levels of approximately
10%, thus showing anttherogenic effects(Katan et al, 2003 AbuMweis et al, 2008)
Therefore, nutritionbased concepts as therapy measures have attained particular attention:
Owing to their beneficial qualities, phytosteroistanols are commercially being added to a broad
spectium of foods. In order to improve their solubility particularly infetsed matrices, the plant
sterols/stanols are mostly esterified to fatty acids prior to their incorporation into the foods
(Moreau et al., 2002) The useof phytosterolststanolsand ther fatty acid esterdn foods falls
within the scope of the Regulation (EC) No. 258/97 of the European Parliament and of the Council
of 27 January 1997 concerning novel foods and novel food ingredigbts 997, now repealed

by Regulation (EU) 2015/2288 the European Parliament and of the Council of 25 November
2015 (EU, 2015)Yhe ester preparations are specified and may either consist of pure phytostanyl
fatty acid estersor of mixtures of both, phytostanyl anghytosteryl fatty acid ester§SCF, 208b;
EFSA, 2008

Owing to their structural resemblance, phytosterols, either ieithfree forms or esterified to
fatty acids, are susceptible to oxidation reactions similar to those known for cholesterol due to
their unsaturation in the ring systemComparable to cholesterol oxidation products, the
formation of phytosterol oxidation products in foods and their subsequent dietary intake might
be detrimental to human healthSeveralin vitro studiesshowed cytotoxic ath pro-inflammatory
effects ofphytosterol oxidation productgGarciallatas and Rodrigudzstrada, 2011Yanmierlo

et al, 2013) There are indications for a pfatherogenic potential of plant sterol oxides deriving
from both, in vitro andin vivoexperiments; however, the data are stilconclusiveg(Scholzt al,
2015) Further, a reduced amtatherogenic potency of phytosterol oxidation products is being
discussed(Alemanyet al, 2014) In addition to the phytosteryl moieties, also the fatty acid
moieties are prone to oxidation reactisrfJulienDavidet al., 2008;Lehtonenet al,, 2019. The
oxidation of both, unsaturated fatty acids and phytosterols is known to be catalyzed by light,
transition metals, water, heat, and oxygefNawar, 1984 GarcialLlatas and Rodrigudzstrada,

2011)

Asthese factorsare present during several household wayshaindling andpreparing foods an

intensive investigation of thie effects on particdarly phytosterylfstanyl esterenriched foods

1
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seems to deserve closer attentiokuchprocedures might favor @nges of the two crucial
compound classes determining efficacy and safety of enriched foods: A decrease of the originally
added phytosteryl and/or phytostanyl fatty acid esters, in their intact forms providing the
functionality of the product, and a conaent formation of potentially healtlrelevant
phytosterol and/or phytostanol oxidation products. Thus, for a comprehensive understanding of
oxidation processesn enriched foods, the investigation of both, the phytosterol oxidation
products and the intacesters should be in the focus of analytical effortdowever, previous
approaches were mainly limited to the determination of only oxidized sterol or stanol moieties
(Dutta, 2004) with some of the existing studies additionally investigating the decrgaintents

of the intact sterol/stanol moieties aft cleavage of the ester bondSoupaset al, 2007

MenéndezCarreficet al, 2008; w dzR | JetZaB 2014 MenéndezCarreficet al., 2016)

Though,the chromatographic analysis of individual intact phytostestinyl ftty acid esters is

not trivial. The ester preparations used for foahrichmentvary regarding sterslandstanok as

well as fatty acid moietien the other handthey exhibita high @gree of structural similarity.
Quantitative gproaches that have been described, either based on gas chromatography (GC)
(Barnsteineret al, 2011 2012)or liquid chromatography (LEBillheimeret al., 1983 Mezineet

al., 2003; Caboret al, 2005)suffer, mostnotably, from insufficient chromatographic resolution

or do not allow the analysis of complex mixtures of phytosteryl gsthnyl fatty acid esters
(Wewer et al, 2011;lIshida, 2014; Hammann and Vetter, 201B)ethodologies allowing the
determination of individual intact phytostanyl fatty acid estess individual intact esters in
mixtures of phytostanyl and phytosteryl fatty acid esters as occurring in enriched foods are

lacking.

The oxidation product®riginging from the phytosterol moieties of the fatty acid esters are
usually determined aftersaponification or transesterficatiof the lipid extracts They are
subsequently subjected to ofine procedures such as column chromatography, thin layer
chromatogeaphy (TLC) or solid phase extraction (SPE) for-cipamd preconcentration prior to
their chromatographic analysis via LC or, more frequenily GC(Dutta, 2004; Guardiolat al.,
2004) However, the offine procedures are timeonsuming and carry ¢hrisk of sample losses,
degradations of the labile oxides or artifact formation. Due to these difficulties, the analytical

portfolio and the quantitative data derived thereshowseveralgaps.

Thus, the aim of the present study was the establishnamtvalidationof appropriate analytical
methodologies allowing (i) thedetailed quantitative analysis of individualntact phytosteryl
and/or phytostanyl fatty acid esters in enriched foods and (ii) #ensitive and reliable

determination of oxidation prodcts that may be generated thereobue to the high boiling
2



INTRODUCTION AND OBJECTIVES

points of the intact steryl/stanyl fatty acid esters, LC was considered to be more appropriate
compared to GC;sathe use of mass selective detectors has proven to be effective in order to
improvethe differentiation of individual intact esters, the analysis of the phytostestahyl fatty

acid esters should be based onMG For the analysis of the phytosterol oxidation produdte
on-line coupling ofliquid chromatographynd gaschromatography(on-line LGGC)was regarded

to be a suitable novel analytical platform. This tdimensional chromatographic techniqadfers

an elegant alternative to laborious dffie approaches as analyses can be performed in a closed
and fully automagd system circumventing the drawbacks of conventional sample preparation
techniques.Finally, a complementary use of the developsgproaches should allow to extend
the knowledge on oxidation processes in enriched fodda the monitoring of qualitativeand
gquantitative changes of both, individual intact phytosteryl and/or phytostanyl fatty acid esters
and the concurreny formed phytosterol/phytostanol oxidation productsa more complete
picture of the impact of oxidation processes on phytosteryl andibytostanyl esteenriched

foods should be generated



BACKGROUND

2 BACKGROUND

2.1  Phytosterolststanols

Since the discovery of cholesterol, sterols and their conjugates have been in the focus of research
activities of several scientific disciplines. Whereas mammalian cells contain one single sterol,
cholesterol, plants have a characteristically complex s$tarixture, theubiquitous phytosterols,

making up the greatest proportion of the unsaponifiable fract{blartmann, 1998)

2.1.1 Structure, Biosynthesis, and Biological Function in Plants

Phytosterols are steroid alcohols, being biosynthetically derfvaich squalene and belonging to

the group of triterpenes (Piironest al, 200@). Figurel shows the basic structure of a sterol

with standard carbon numbering accand to the1989 IUPAQUB recommendations (IUPAQB,

1989) Phytosterols are made up of a tetracyclic nucleus, two methyl groups at C10 and C13, a
side chain consisting of-B0 carbon atoms at C17, and an additional hydroxyl group at C3

(Piironenet al,, 2000g).

Figurel. Basic structure of sterols according to IURAB recommendations (IUPAGB, 1989).

More than 100 different phytosterolsétanols have been described in literature (Morestual,,

2002). Dependent on structure and biochemistry, they cargtmipedinto 4-desmethyl sterols,
4h-monomethyl sterols, and 4;dimethyl sterols. Thereby,-desmethyl sterols are the most

I 6dzy Ryl LIKe&i2adSNRta I yR°>setoBp-a8SnaEzNEE®HNY Rl i S3
according to the position and number of double bonds in theng (Hartmann and Bereniste,

1987) ¢ KS Yz2ail 02YY2y LKe(G2alGSNRt asx Sddlide banti 12 a4 G SN
and, in contrast to cholesterol, an atidnal methyl or ethyl group at C2&igure 2). This

alkylation at C24 is a reaction exclusively occurring in plants (Piietradn 200@). The presence

of a transp®*double bond, as e.g. ibrassicasterol andtigmasterol, is another attribute of

phytosterols(Figure2) (Piironenet al., 200@).



BACKGROUND

Phytostanols, the fully satated forms of phytosterols, are usually found at lower concelirzs,
I & ¢ S'%sterold(FigurgR). Cholesterol also occurs naturally in several plant cells ¢islioet

al., 2002).

Figure2. Structures of important 4lesmethyl sterols: campesterod), brassicasterol), campestanol@),
sitosterol D), stigmasterol i), and sitostanolR).

The sterol biosynthetic pathway in plariteludes a sequence of more than 30 enzycagalyzed
reactions. The enzymes are mostly localized in the membrane of the plant endoplasmic reticulum,
catalyzing the sterobiosynthesis in the cytoplasrfHartmann, 1998 Piironen et al, 200G,
Benveniste, 204; Nes, 2011) The phytosterols are products of a branch of the isoprenoid
biosynthetic pathway, leading to squalene as intermediate product via the mevalonate pathway
(Holmberget al., 2002; Schaller, 2004fhe mevalonate pathway starts with aceGbAas initial
substrate and finally leads to the production of isopentenyl pyrophosphate (IPP). IPP, the
universal precursor of isoprenoids, is then further converted to farnesyl pyrophosphate; direction
into the sterol pathway is controlled by the activity squalene synthase (Piironen al,, 200G

Liaoet al,, 2014) The biosynthetic scheme leading from squalene to cholesterol and ergosterol in
mammals and fungi, and the one leading to phytosterols in plants difigrificantly(Schaller,
2004) Figure3 shows the principal steps in the pesfjualene pathway in plants with a series of
methylation, desmethylation, and desaturation reactions, resulting in antpkterol profile
characterized by a mixture consisting of predominantly sitosterol, campesterol, and stigmasterol
(Piironenet al., 200&; Holmberget al., 2002. Regulation of the pathways occurs by critical rate
limiting steps such as the methylation tifie dimethylsterol cycloartenol into -fhethylene

cycloartenol via the enzyme sterol G&wthyltransferase (SMT) (Piironenal., 200G).
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A squalene

sgualene2,3-epoxide

cycloartenol cholesterol
HO HO
24-methylene
cycloartanol
gramisterol citrostadienol
HO
campesterol stitosterol

HO HO

stigmasterol
HO

Figure3. Schematic representation of the sterol pathway pegtialene.Solid lines indicate that one

enzymatic step is involved in the conversion and dashed lines indicate the involvement of more than one

enzyme.

After their synthesis, the sterols are thought to be transported via the Golgi to the plasma

membrane where theyccumulate(Hartmann and Bereniste, 1987) The side chain extends into

the hydrophobic core of the phospholipid bilayer and interacts with the fatty acyl chains of the

phospholipids and proteins (Piironeat al, 200®). Thereby, the sterols regulate thHkiidity of

membranes and probably play a role in the adaptation to temperature changes, sitosterol and

campesterol being the most efficient regulators. Moreover, sterols participate in the control of

6
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membraneassociated metabolic processes, suchtls modulation of membranebound H-
ATPase activity. Studies using sterol biosynthesis inhibitors indicated that phytosterols might play
a role in cellular differentiation and proliferation, acting as precursors for the biosynthesis of plant
steroid hormones, ie brassinosteroids. Finally, they also serve as substrates for a wide variety of
secondary metabolites, such as glycoalkaloids, cardenolides, and ssjbl@nnessey, 1992;
Hartmann, 1998Piironenet al,, 200&; Moreauet al, 2002 Boutté and Grebe, 2®).

Along with free sterols, plants also contain sterol conjugates in which thedBxyl group is
either esterified to a fatty acid or a phenolicacidoR& A Y1 SR G2 GKS mMQ LI2&AGA?2
to form steryl glycosides or acylated steg§jcosidesKigure4).

Figured. Representative structures ophytosteryl/-stanyl conjugates: sitosteryl palmitated)( trans
sitostanyl érulate @), and sitosteryl3-D-glucopyranoside@.

Unlike the free sterols, steryl fatty acid esters are presumed to be of storage and transport
function, as they are localized in lipid bodies in the cytosol and in soluble forms in droplets or in
vesides, but their precise role remains unclg@yas, 1993Gondetet al, 1994 Piironenet al.,
2000\8). In many plants, the composition of the sterol moieties of the fatty acid esters cep$ist

the same major 4lesmethylsterols as found in the free sterol fraction. The fatty acid moieties in
turn typically range from C12 to C22, with palmitic, stearic, oleic, linoleic, and linolenic acid being
the dominant species, and it is suggested thavesal acyl donors are involved including
phospholipids, diacylglycerols or triacylglycer@$enet al, 2007 Dyas, 1993)Like free sterols,
steryl glycosides and acylated glycosides are membrane structural compof@rile et al,

2010) Steryl and &nyl phenolic acid esters, however, seem to be unique compounds in cereals

(Moreauet al,, 2002; Eschet al., 2012; Mandak and Nystrom, 2012).
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Particularly rich sources of phytosterols are vegetable oils, whole grains and -besedl
products, and nutgPFironen et al, 200G; Piironenet al,, 200M; Escheet al,, 2013l). Based on
the dietary intake of natural foods, between 228 and 33&d are estimated to be consumed as
part of a typical Western diet (Normeet al, 2001; Valsteet al, 2004;Escurriolet al, 2009;
Hearty et al, 2009; Sioeret al, 2011) In vegetarians, the intakes may be twim threefold

increased (Piironeet al,, 200@).

2.12 Metabolismof Cholesterol and Phytosterols

Similar to phytosterols in plants, cholestersdnes several essential physiological purposes in
mammals. Thusyarious tightly coordinated processes with complex feedback mechanisms are
involved in maintaining cholesterol homeostasighin a narrow rangeconsisting of cholesterol
biosynthess, absorption of cholesterolrbm the diet, and cholesterol excretion into the bile or
directly via the feces Cholesterol can originate from dietary intake as well as fademnovo
synthesis a dietary intake of cholesterol of approximately 36@/d is generlly recognized as
important in the regulation of serum cholester(@stlundet al., 2002b) When intracellular free
cholesterol concentrations decrease, the sterol regulatory eleniemding protein 2 (SREER
transcription factor is activated, regulatirsgveral target genes being responsible for cholesterol
biosynthesis via the mevalonate pathw@ylcLeanet al, 2012).The liveris the major site of
cholesterol biosynthesis in humari3ietary cholesterol in turn can be present in its free form or
esterified to fatty acids; after intestinal hydrolysis of esterified cholesterolthy pancreatic
cholesterol esterase, free cholesterolamulsifiedinto mixed micelts to become available for
absorption the micellesinteracting with the apical bruskborder membrane (de Smetet al,
2012).The principal metabolic pathways of dietary cholesterol in the intestime in the liverare

summarizedn Figure5.
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Figure5. Major metabolic pathways in the absorption and intracellular traffic of cholesterol and plant
sterols in theintestine and in the livefmodified accordng to von Bergmanret al., 2005 CalpeBerdielet

al., 2009.

ABCGBEB/AL, adenosine triphosphatbinding cassette G5/G81; ACAT, acyToA:cholesterol
acyltransferase;B48/100, apolipoprotein B48/1Q0C, cholesterol,.CE, cholesteryfatty acid ester, CM
chylomicron; FA, fatty acid;HDL, higkdensity lipoprotein; LDL, lowdensity lipoprotein; LXR, liver X
receptor; MTP, microsomal triglyceride transport protein; NPC1L1, NiefRakn Cllike 1 protein;P,
phytosterol/-stanol; PE, phytosterytanyl fattyacid ester; VLDL, very ledensity lipoprotein.

The micellar cholesterol is mostly absorbed by the influx transporter protein NiefRaknC1 like

1 (NPC1L1pcated in the brush border membrane of the enterocytés a cholesteretieficient
state, the d@sorbed cholesterol is esterified by a€tbA:cholesterol acyltransferage(ACAT 2p

fatty acids and exported to the intestinal lymph in the form of tdifferent lipoprotein particles.

Via the microsomal triglyceride transport protein (MTP), choledteegters are, along with
triglycerides or phospholipids, and together with apolipoprotein B48 secreteth@smicrongo

the lymph After hydrolysis of the triglycerides via endothelial lipoprotein lipase (LPL), the
chylomicron remnants are taken up thedr. In the liver, the absorbed cholesterol, together with
de novosynthesized cholesterol, is either stored or secreted into the peripheral circulation via
very low density lipoproteins (VLDMja LPL, low density lipoprotein (LDL) particles are formed,
finally accomplishing the transport of cholesterol to peripheral tissues, the uptake of LDL

cholesterol being mediated by LDL recept(Esshourbaget al, 2014) The reverse transport of
9
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cholesterol from the periphery to the liver, in turn, is mediatéd highdensity lipoprotein (HDL)
particles(CalpeBerdielet al., 2009 Elshourbaget al, 2014).In the intestine, fee cholesterol can
additionally be secretediia nascent HDtholesterol, its biogenesis mediated via Adiiding
cassette transporter ABC) Al (Caldgerdiel et al, 2009). Cellular cholesterol levelsn
enterocytescan also be regulated by cholesterol secretion back into the intestinal lumen via the
ABCG5/ABCGS8 heterodimer, regulated by liver X receptor (LXR)-Beatie et al, 2009)
Cholesterol that has been secreted into the intestinal lumisneither included in the
enterohepatic circulation or may enter the colon and be excreted via the feces as free cholesterol

or modified by colon microorganisms (Macdonatdal.,, 1983).

The intestinal absorption of dietary phytosterols arg$tanols differs from that of cholesterol,
particulaty in quantitative regardgFigure5). Smilarly to cholesterykesters, fatty acid esters of
phytosterolststanols are being hydrolyzed in the intestine. It was demonstrated that
phytosteryl/-stanyl esters are generally accepted as substrates by pancreatic cholesterol esterase
(Moreau and Hicks, 2004). However vitro andin vivoobservations on intestinal hydrolysis rates
showed dependencies on both, the phytosterstanol structures and the fatty acid moieties of
distinct estergBrownet al., 2010b; Aslet al,, 2011; Lubinust al,, 2013).After incorporation into

the mixed micelleswhereby phytosterols are preferred over cholesterphytosterolststanols

are also absorbed via the NPCHrbtein (Brufauet al, 2008). The absorbed phytosterols may
also be esterified via ACAT, they are, however, a poor substtetenajority of the phytosterols
remainsfree and is transported back into the lumen by ABCG5 and AB@lt&Beas sitosterol was
shown to be secreted at a higher rate than campesterol (Sudhop, 202 Bergmanret al,
2005; Brufau et al, 2008) Esterified phytosterols that enter the circulation after their
incorporationinto chylomicronsare preferentially excreted from the liver into the bile by the
hepatic ABCG5/ABCGS efflux transporter (MacKay and Jones, 2011). These mechanisms result in
an owerall low intestinal absorption of phytosterols, ranging from 20#br sitostanol up to 166

for campesterol (Saleet al, 1970;Heinemanret al,, 1993; Litjohanrt al, 1995; Ostlundbt al.,
2002a;Sudhop, 2002)The differential absorption of phytostols and phytostanols is reflected in
their circulating levels, as plant ster@s24 umol/L) are higher concentrated in plasma than plant
stanols(0.050.3umol/L) (MacKay and Jones, 2Q1\ftanmierloet al., 2015. Levels of circulating
cholesterol, in tirn, are considerably higher (\8mol/L) than those of the phytosterolstanols,

even when the dietary intakes of cholesterol and plant sterols are similar (Vanreiealo 2015).
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2.1.3 CholesteroiLowering Properties of Phytosterolsgtanols

The compex regulatory mechanisms responsible for the maintenance of intracellular cholesterol
levels within a healthy limitnay, however, be disturbed, leading to ambalanced homeostasis
which is one of the major risk factors associated with cardiovasdigsaases, the principal cause
of death in developed countries (McLeat al, 2012). Known factors contribibg to the
development of atherosclerosis includdigh LDicholesterol and low HDEcholesterol
(Elshourbagyet al., 2014).Elevated LDtholesterollevels aremostly of genetic origin such as
mutations in the LDL receptor gene (Ramasamy, 2(A6}her, secondary hypercholesterolemia
may be caused bybesity, metabolic syndrome, diabetes, or pregnancy (Ramasamy, 2846).
early as in the 1950, negaive correlation between sitosterol intake and L-Eholesterol levels
has been observeith humans due to a reduction of intestinal cholesterol absorpti(fPollak,
1953) Since then, several megnalyses have shown an LEholesterollowering effect of
dietary consumed phytosterolsgtanols(Katanet al., 2003;Bergeret al, 2004;AbuMweiset al,,
2008; Demontyet al,, 2009 MusaVelosoet al., 2011) Differenthypotheses have been suggested

regarding the molecular mechanismaderlying these LDtholesterol lowering properties

A restricted micellar solubilization of intestinal cholesterol in the presence of phytosterols/
stanols due to a higher hydrophobicity of the plant sterols/stanols is unequivocally acknowledged
to be a major mechanism (Trautwekit al,, 2003;Platet al., 2015. Esterified sterols/stanols are
probably not able to affect micellar cholesterol solubilization (Bratral., 2010a).Differences
between phytosterols and phytostanols regarding the efficigof replacing cholesterol fra the
mixed micelles are discussed, with phytostanols being considered to be more efficient (detSmet
al,, 2012).As studies showed the LDBtholesterollowering efficacy of consumdg the same
amount of phytosterad within onemeal or as part of several meals divided over the day to be
equal, it is suggested that additional mechanisms d€Rikttet al., 2000;Matvienkoet al., 2002) A
co-crystallization of cholesterol and phytosterols in the intestinal lumen has been proposed,;
however, under physiological conditions, cholesterol and phytosterols were shown to be highly
a2t dzof S AY KERNRBf&aAa LINRARWD)EurtteFa rdduc&liuptakd® £ A LIA
of cholesterolvia the NPC1L1 transporter due to competitinith phytosterols, as well as an
increasel secretion into the intestinal lumen due to increased ABCAG5/G8 activity, possibly upon
activation of LXR target genes by plant sterols, are taken into account (Trawinain2003; de
Smetet al, 2012).All of these potential mechanisms would require phytosteredsinols in their

free forms, revealing previous hydrolysis of esterified phytostersighols as an essential
precondition forthe exertion of cholesterollowering properties (de Smaedt al,, 2012 Cardenet

al., 2015)
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The reduced availability of dietary cholesteri the presence of phytosterolss being
compensatedby an increased endogenous cholesterol biosynthesis, but also by an increased
expression and synthesis of Ligceptors, leading t@ total reduction ofevels of circulating LDL

cholesterol(Plat and Mensink, 2005; Brufatial., 2008).

Besides the LDBtholesterolloweringimpact several other beneficial health effects are attributed
to dietary phytosterolsistanols and their conjues. In the context of reducing ristactors for
developing cardiovascular diseast® effects of phytosterols are probably pleiotrogind tissue
specific (de Smegt al., 2015) as, for example, it has also been shown that they are lowering
serumtriglyceride levelgDemontyet al., 2013) probably being related to a decreased hepatic
VLDL secretion (Plat al., 2009; Schonewillet al,, 2014).Enhancing the immune functicand an
anti-inflammatory activity (Othman and Moghadasian, 201Rlatet al., 2014a;Platet al., 2015
have also been proposed as well pseventive effects again certain types of can¢Awad and
Fink, 2000).However, a recent metanalysis evaluating the effects of regular phytosterol
supplementation via enriched foods on rkars of inflammation could not establish an anti

inflammatory effect of dietary phytosterol consumption (Roehal., 2016).
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2.2  Enrichment of Foods with Phytosteryétanyl Fatty Acid Esters

Based on theobservedcholesterollowering properties, free phytosterols suspended in oil or
methylcellulose wereommerciallyavailablefor the treatment of hypercholesterolemibetween
1957 and 1982 (MacKay and Jones, 20dbyever, high doses of up to 80d were required a

the phytosterols were delivered in thearystalline form(Trautweinet al,, 2003).The transferof

the phytosterols ffom this poorly soluble crystalline form to the micellar phase was considered to
be too slow for being effective (Trautwedt al., 2003. Esterification of the phytosterols to fatty
acids, in turn, was shown taignificantly improve the physical properties regarding both,
intestinal solubility and the solubility in particularly fedsed matrices, which would be a
preferred carrier for oal phytosterol administration (Mattsort al, 1977; Mattsonet al,, 1982;
Trautwein et al, 2003 MacKay and Jones, 2018s the esters have been described to be
hydrolyzed by intestinal enzymes, thay for an industrial production of phytosterydtany fatty
acid esters andommerciaincorporation ofthe esters into a broad spectrum of foodss paved
Meta-analyses regarding the effis of the consumption of phytosterydr phytostanyl fatty acid
esterenriched foodsshowed significant reduction®f plasma LDtholesterol levelgLaw, 2000;
Katanet al, 2003;Chenet al, 2005;AbuMweiset al., 2008; Demontyet al, 2009 Talatiet al,
2010 Raset al, 2014;Rochaet al, 2016) These studies established a significant reduction of
total and LDicholesterol levels of 2% upon a daily dietary intake of approximateh8g
phytosterolststanols (Kataret al, 2003; Demontyet al, 2009 Raset al., 2014) The dose
response effects established in the most recent matalysis (Rast al, 2014)are shown in

Figure6.

Average change in LDL-cholesterol
concentration (%)

Average PS dose (g/d)

Figure6. Average effects on LBlholesterol concentration for different dose ranges of phytosterols up to
4 g/d; the wrepresent outcomes of single higlose stulies that were not pooled (R&s al., 2014).
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Doses higher than §d were shown tooffer no additional beneficial effe@nd might even yield
undesired consequenceMiettinen and Gylling, 2004; Demonst al, 2009), while arintake
below 1g/d is probally not sufficient for a substantial reduction of LEdholesterol levels
(Vanhanenet al, 1994 Hallikainenet al, 2000). The available epidemiological studies are
generally considering phytosteryl and phytostanyl fatty acid esierigse equalregardingshort
term reduction of LDicholesterol (Moreatet al, 2002) as it was once again recently shown in a
meta-analysis by Raat al. (2014) However, phytostanyl fatty acid esters are being discussed to
be more effective at high doses (MuSa&losoet al, 2011) and upon longerm consumption
6aASGGAYSY IyR B&f206y. 3 HnnnT hQbSAftf

2.21 Reguldions and Food Products

In the European Unionpbds enriched with phytosteryl and/or phytostanyl fatty acid esters fall
within the scope of the Regulat (EC) No. 258/97 of the European Parliament and of the Council
of 27 January 1997 concerning novel foods and novel food ingrediebtd 997, now repealed

by Regulation (EU) 2015/2283 of the European Parliament and of the Council of 25 November
2015 (BJ, 2015) The phytosterols and their fatty acid esters are being considered as novel food
ingredientsas ther consumed amounts via enriched foods excesght to twelvefold those
amounts consumed viaditional sources withira normal dietFor approvala safety assessment

prior to final authorization pursuant to Article 4 of the Novel Food Regulation is requiies.
authorization covers conditions of usepecificatiors, and labelling requirementsA simplified
notification procedure pursuant to Article 5 may take place for foadkh proven substantial

equivalence to an already authorized novel food.

However, the first such product, a margarine enriched with phytostanyl fatty acid esters
6 a . Sy, prodeded byRaisio), was introduced on thEinnish market already before the
adoption of the Novel Food RegulatiorThe first product that has been authorized in the
European Union in 1997 as a no¥ebd on the basis of a safety assessment by the Sfient
Committee on Food (SCEBCF, 20006 & | &Stt2¢ T i apddiedy d. SOSH
Unilever, enriched with a mixture of phytosteryl and phytostanyl fatty acid es(gcs 1997; EC,
2000) In the meantime, a broad spectrum of other foods wittidad phytosteryl/phytostanyl
fatty acid esters has been placed on the market in the European Union. They comprisgomilk
products, yoghurtype products, milkbased fruit drinks, sepased drinks, cheegype products,
salad dressings, spice sauces, byead, rice drinks, and oils (EFSA, 2008 concentrations of

the phytosterols range from 0% in milktype products to &6 in margarines and spreads

(Barnsteineret al, 2012).Currently, there is @endingapplicationaiming at extending the use of

14



BACKGROUND

phytosteryl esters to spreads and liquid vegetabletfated emulsions specifically intended for
cooking and bakingUpilever, 2013. Phytosterols/phytostanols and their fatty acid esters are
among those food ingredients for which health claims referrmghie reduction of disease risk

i.e. the reduction of cardiovascular riskga the scientifically established reduction of LDL

cholesterol levels have been permittedC, 2009; 2010).

Based on the lack of evidence for additional benefits at intakes of phytosterols higher tien 3

in its general view on the loAgrm effects of the intake of elevated levels of phytosterols from
multiple sources, the SCF considered it prudent to airgakes exceeding a range of3ly/d (SCF,
2002).This precautionary limit is in line with the group acceptable daily intake GADI0 mg/kg

body weight (bw) for the group of phytosterols, phytostanols and their esters, expressed as the
sum of phytosteols and phytostanols in their free form, later derived tye Joint FAO/WHO
Expert Committee on Food Additives (WHO, 2009).

The production of the phytosterols is based on their isolation from edible vegetable oil distillates,
such as soybean, sunflowegr rapeseed ojl after hydrolysis and/or interesterification.
Alternatively, thes can be derived from tall oil from coniferous woodsby-product of the wood

pulp industry (Weber and Mukherjee, 2006). The sterol profiles differ between the sources,
particularly regarding thehigher proportion of stanolsin phytosterol isolates from tall qil
therefore, the following phytosterol/phytostanol profile has been specified by the SCF (2@03b):
aA023a0BNE Y LIBE LSNP fa (AN 80 SN 2580 7y Y LIS 8ol | y 2 €
ONI aaAQGEraisdNRi 2RaSIdEratet phytostanols as used for the foods produced

by Raisiocan be obtained by hydrogenation. Phytostanols produced from tall oil typically contain

~90 % sitostanol ané 10 % campestangCantrill and Kawamura, 2008).

The fatty acidsemployed for production of phytosteryl and phytostanyl fatty acid esters are
originatingfrom vegetable oilsthus the fatty acid composition of the esters reflects that of the oil
used as source (Cantridlnd Kawamura, 2008). The esters can be prepared by chemical
esterification with fatty acids or by interesterification with fatty acid methyl esters or vegetable

oils (Weber and Mukherjee, 2006).

The Senate Commission on Food Safety (SKLM) of the GéRewearch Council previously
published two scientific opinions regarding the use of phytosteryl/phytostanyl fatty acid esters in
foods GKLM, 2005 2007). They focused on the need for assessment of individual
phytosteryl/phytostanyl ester preparations andhd importance of the corresponding
specifications. In addition, they drew particular attention to challenges arising from the broad

spectrum of enriched food categories and the uncertainties in ensuring that an intaka @fdlis
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not exceeded. The neeaif current and reliable consumption data and for measures that the

products are only consumed by the target groups was emphasized.

Secific provisions regarding the labelling foods with added phytosterols/phytostanols have
been implementedfor example a label is required indicating that a consumption of more than
3 g phytosterols per day should be avoiddelC; 2004 However, a consumer awareness study
performed in Germany revealed that 46 of the consumers did not belong to the target group,
3.5% were children and only % were aware that an intake ofg8phytosterols/d should not be
exceeded(Niemannet al., 2007).Data on the actual exposure of consumers to phytosterols via
the multiple sources of enriched foods are also inconsistent. Accorting postlaunch
monitoring (PLM)survey on consumer purchases of foods (spreads, salad dressingsamailk
yoghurttype products) with added phytosterols in five European countries, the mean phytosterol
intakes per household were 0.3586g/d. In the 9%' percentile of the population, intakes ranged
from 1.0g/d in France to 3.9/d in The Netherlands; The Netherlands was the only country in
which approximatelys8 2 F K2 dzaSK2f Ra ¢SNB ARSyiMWilemSeR | &
al,, 2013).These dta indicating that overconsumption of phytosterols seems unlikely are in
agreement with the results obtained in the mandatory PLM performed by Unilever covering the
first year of marketing of enriched vegetable oil spreads; in that survey the median sntdke
phytosterols for regular purchasers were 4.2 g/d, the 93" percentile intakes ranged from
2.2g/d in France to 3.6/d in The Netherland¢Lea and Hepburn, 2006Dn the other hand, a
significantly higher mean phytosterol intake (2g/8) was reprted in a study performed on the
Irish market. In total, 286 of the respondents had mean phytosterol intakes higher thgfd3
and the majority of consumers (38) had been consuming these products for more thanywer
(Hearty et al, 2009).A study iwestigating the consumption of phytosterehriched foods in
Belgium also identified 16% of consumers to have a phytosterol intake ahglk(Sioenet al,,

2011)

2.2.2 Efficacy andsafety Aspects

The efficacy & consuming plant sterol/stanednrichedfoods regading the lowering of plasma
LDLcholesterol is largely ncontested. However, although the relation between elevated-LDL
cholesteroland an increased cardiovascular risk is equally establishegtt evidence supporting

an LDlcholesterol mediatd reduction of cardiovascular diseases has so far not been generated
neither for foods enriched with phytosteryétanyl fatty acid ester@Platet al, 2012b;Raset al,
2015a) nor for phytosterol intake based on natural sources (&aal., 2015b) Besides focusing

on risk factor reduction such as changes in serum-dtidlesterol concentrations, studies
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evaluating changes in surrogate markers of atherosclerosis have been condunateast of these
studies, no significant improvement in arterial héattould be demonstrated; therefore, studies
evaluating the effects of lonaerm interventions using plant sterol/stanol estenriched foods on

clinical endpoints beyond cholesterol lowering are nee@feldtet al., 2012b)

Regarding the safety of a reguleonsumption ohigh doses of phytosterytanyl estersesulting

from the enrichment of foods first of allthere was concern on a reduced absorption of fipitic

dietary substances other than cholesterol. Indeed, reductiohserum3-carotene," -carotene,

and lycopene concentrations were shown upon plant sterol supplementation (Plat and Mensink,
2005). This decrease can, however, be counteracted by increasing the consumption of vegetables
and fruits (Plat and Mensink, 2005urther, serum levelsf vitamin A have been shown to et

affected (Gyllinget al, 2010).

Beyond the effect or3-carotene levelspne recent study showedavith the example ofApc™™
(Adenomabus polyposis cglimicea genderspecificinduction of intestinal adenoma formatmin
femalemice having been fed a plantesol-enriched diet(Marttinen et al., 2013b), and induction
of intestinal adenoma formation in both genders upon feeding a plant stanol-estéched diet
(Marttinen et al, 2013a).Even though the underlyinghnechanisms remained unclear, it was
shown that the fed sterols and stanols were taken up by theemcyteswhere they regulated

cell signaling and gene expression.

Several studies demonstrated that plant sterols, in contrast to cholesterol, are ablegs ttre
blood-brain-barrier. First of all, thiphenomenonwas shown for phytosterolemic patients due to
their pathologically high serum plant sterol concentrations (Sakin al, 1985) The
phytosterolemic patients, however, did not show severe neurokgaysfunctions. Since then,
the accumulation oflietary-fed plant sterolsand stanols irthe brains of Watanabe rabbits (Fricke

et al,, 2007), of dietary phytosterols in the brains of ABCG5 and ABCGS8 deficient mice €lansen
al., 2006) a well asn the brains of C57BL/6NCrl mice (Vanmiertal., 2012)was demonstrated
Inthe latter study, a fant sterol ester diet was fed to C57BL/6NCrl nfaresix weeks, leading to
significantly increased concentrations of plant sterols in serum, liver and in mbraies.
Interestingly, blocking the intestinal sterol uptake for the next 6 months while feeding the mice
with a plant stanol esteenriched diet resulted in strongly reduced phytosterol levels in serum
and liver however, brain phytosterol levels were haffected, indicating the accumulatioof
phytosterols in the murine brain being stabléampesterol was shown to cross the bldmain
barrier more efficientlythan sitosterol Overall, the phytosterols are thought to positively affect
neuroinflammation, neurodegeneration, and disease progression based on experiments with

animal models for different CNS disorders (Vanmietlal., 2015). However, certain phytosterol
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metabolites such as glycosylated sterols are considered to be neurotoxic (Vanetiatlo2015).
The detailed ptential neuroprotective or neurotoxic impacts of such phytosteactumulatiors

haveyetto be elucidatedaswell as the situation in humans.

Another controversially discussed issie the increased absorption of phytosterofstentially
resulting in their accumulation and subsequently the promotion of vascular dis@a&ssgartner

et al, 2008a).Concerns on potential pratherosclerotic effects of elevated plasma phytosterol
levelsare due to observations made for phytostéamic patients who are predisposed to develop
premature atherosclerosis (Litjohann and von Bergmann, 2@0&}ther, it has been showim
healthy personsthat phytosterol supplementation causes an increase in plasma phytosterol
concentrations. Additionally, there are studies available showing a correlation between plasma
phytosterol levels and cardiovascular ri§duecket al., 1991; Rajaratnarat al., 2000;Sudhopet

al., 2002; Assmanat al,, 2006; Silbernagedt al., 2010; Weingéartneet al., 2011). Howver, data

are inconclusive, as there are also studgeggestingio associatior{Wilund, 2004; Pinedet al,,

2006; Miettinenet al, 2010)or even a reduced ristif cardiovascular events when plasma plant
sterol concentrations are elevatdérassbendeet al., 2008; Escurriatt al, 2010; Weingartneet

al., 2010) The interpretation of these observations is causing controversial discussions, as serum
plant sterol concentrations have been shown to reflect intestinal cholesterol absorption that
variesbetween individuals (Tilvis and Miettineh986). Therefore, elevated plasma phytosterol
levels might be considered only as markers of elevated cholesterol absorption, this in turn being

the actual origin of increased cardiovascular risk (€lai., 2012a 2012b).

Plant sterols were shown to be present in atherosclerotic plaques of patients undergoing carotid
endarterectomy (Miettinenet al, 2005). The accumulation of plant sterols in human stenotic
aortic valves has also been demonstrated (Hettkal., 2008; Schétet al, 2014), in the study by
Helske et al this finding was directly correlated to plasma phytosterol concentrations.
Weingartneret al. (2008b) studied the effects of food supplementation with phytosteryl esters in
apolipoprotein E (ApoEj)eficient mice and observed a correlation of increased plasma sterol
concentrations with impaired endothelial function, ischemic brain injuyd atherogenesis. In
humans, a correlation between consumption of phytosteryl esteriched margarine with
increased phytosterol concentrations in plasma and aortic valves in patients with aortic stenosis
has been describe@Neingartneret al., 2008b)More recently, the concentrations of plant sterols

in plasma and in aortic valve cusps of patients with sevemicastenosis with and without
coronary artery disease were compared; the campestayatholesterol ratio in plasma and the
absolute concentrations of campesterol and sitosterol in aortic valve cusps of patients with

concomitant coronary artery disease meshown to be significantly higher (Luistgral, 2015).
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Further, it has been reported that elevated plasma campesterol concentrations upoidong
consumption of phytosteryl esteznriched foods correlate with an increase in retinal venular
diameter (Kellyet al,, 2011) Bomboet al. (2013)fed a phytosteryl esteenriched diet to LDLR

mice and did not observe an absolute increase of phytosterol concentrations in the arterial wall
compared to the control, concluding that dietary phytosterols do rmaicumulate in the
vasculature. However, this finding is intensively discussed, as relative to cholesterol levels, the
phytosterol contents actually increased (Lutjohasinal., 2014).In this context of potential risks
deriving from elevated plasma phytesol concentrations due to dietary supplementatiotie
potential superiority ofphytostanolenriched foodss once moreaddressed as plant stanols do

not only reduce serum cholesterol levels but also those of plant sterols (Miettinen and Gylling,
2008)

However, based on the overall limited absorption rates of phytostesstishols and resulting low
plasma levels upon any kind of diet in comparison to cholesterol plasmnaentrations the
atherogenecity of circulating phytosterols has to be far higher than that of cholesteraéxerting
detrimental effects compensating for thepresumably beneficial effect of lowering LBL

cholesterol levels.

Another aspect should be taken into consideration whiecomes to aisk-benefit assessment of
phytosteryl/-stanyl esterenriched foods One of the mechanisms being discussed e
responsible for gootential pro-atherosclerotic effect of elevated phytosterol levels is not their

presenceper se but rather their transformation into oxidation products.
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2.3  Oxidation of Phytosterols

Due to their structural similarity, undesirable reactions known for cholesterol may also be
expected in the case of phytosterols. A typical example is the dbom of the secalled
choleserol oxidation products, i.e. keto, hydroxy and epoxy derivatioé cholesterol, a well
known groupof substances studied in detail for many years. On the one hand, cholesterol
oxidation products are crucial intermediates mammalian metabolism, are enzymatically
synthesizedin vivg and serve several regulatory purposes such as cholesterol homeostasis
(Bprkhem and Diczfalusy, 2002; Leonard@zl., 2002). On the other hand, they may be formed
endogenously via neenzymaic oxidation of cholesterol and may also be absorbed from the diet.
In cholesterolcontaining foods, cholesterol oxidation products can be formed via processing and
storage(Leonarduzzet al, 2002) Elevated plasma levels of cholesterol oxidation products have
been particularlycorrelated to atherogenic effects, and are also thought to be involved in other
inflammatory processes such as neurodegeneratigtemany et al, 2014). Therefore, the
occurrence in foods and the subsequent dietary intake not only of intact cholesterol but also of
cholesterol oxidation products has been in the focus of recent research activities. An increased
intake of dietary cholesterol oxidation products was shown to beo@ased with impaired
hepatic function and lipid metabolismand ultimately atherosclerotic progression in various
animal modelgBrown and Jessup, 1999; Meyniral., 2005; Stapranst al., 2005; Nget al,
2008; SoteRodriguezet al., 2009; Sasalet a., 2010; Satcet al, 2012; SoteRodriguezet al,,
2012; Terunumaet al., 2013).Taking into account the structural similarities between cholesterol
and phytosterad and of theoxidation productsexpected to be formed thereoftudies on the
formation, intake, and biological effectof phytosterol oxidation productshave received

increasingly growing scientific interest.

2.3.1 Formation of Phytosterol Oxidation Products

Phytosterol oxidation products can be formed by either femzymatic or enzymatic oxitian.
Nonenzymatic oxidation reactions comprise photooxidation and autoxidation. In photooxidation
singlet oxygen, mostly generated by photosensitizers, attacks one of the sides of the double bond
in the Bring (Garcidlatas and Rodrigudzstrada, 2011).Overall, the information on
photooxidation reactions of phytosterols is limite@lhe most common oxidation mechanism is

the nonenzymatic autoxidation of sterols (Gartitas and Rodrigudzstrada, 2011)
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2.3.1.2 Autoxidation of Phytosterols

The autoxidation of phytosterols a free radical mechanism that can be initiated in particular in
the presence of heat, light, air, water, and transition metals (Gdrgitas and Rodrigudzstrada,
2011). The reactiostarts with the abstraction of a eztive allylic hydrogeat C7in the Bring of

N psterols resulting in a radical molecule (Piironenal, 200G; Oehrlet al, 2001). The radical
then reacts with triplet oxyger’@,) and an instable-peroxy radical is formed. The second, rate
determining step comprises the addition of hydrogen of another sterol, yielding the more stable
7-hydroperoxide and an additional radical molecutég(re?7) (Porteret al, 1995; Garcidlatas

and RodrigueEstrada, 2011). The epimerichydroxyperoxides are the primary oxidation

products.
S( SC SC
0, LS
°>H HO 00° HO OOH

Figure7. Chain sequence for the free radical autoxidation from sterol to hydroperoxysterol: [SC], side
chain.

In the course of the oxidation reaction, the primary oxidation products degrade to the stable 7
hydroxy and *ketosterols(Lampiet al., 2002; Dutta, 2004). The formation of epoxysterols occurs
by a bimolecular mechanism, as a rmxidized sterol reactsvith a hydroperoxy radical; the
epoxides can be further hydlyzed in acidic environment to form triols (Garelitatas and

RodrigueZstrada, 2011).

In addition to oxidative modifications in the ring system, also the side chains are prone to
oxidation reactions, howeverto a minor extent. Owing to their tertiary nature, C20, C24, and C25
are most susceptible to the formation of hydroperoxides, finally leading to secondary side chain

oxidation products (Yanishliee al, 1980; Johnsson and Dutta, 2008hnssoret al., 2003).

The secondary oxidation productsiay form further reacton products yielding dimeric,
oligomeric, and polymeric compounds as tertiary oxidation produletsaddition fragmented
sterols are als@roposed resulting inmid-polar oxyenated and no#polar dimeric or oligomeric
compounds. Structures for sterol dimemsuch as disteryl ethersave been proposed (Rudzinska
etal, 2010r { 2 &thak 2014l Besides,te secondary oxidation products caneayiise to the

formation of conjugated dienes and trienes after abstraction of the hydroxyl group at C3 (Lercker
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and RodrigueEstrada, 2000; Dutta, 2004yigure8 gives an overviewon the formation of the

principal products of phytosterol oxidation.

HO ROOH

J;Igig
HO OOH ROH

\L SC S(

SC
HO OH HO o] HO
(6]
? / \ [ ;S(
Figure8. Schematic representation of the formation of the principal oxidation products of phytosterols
during autoxidation: primary oxidatiotiprmation of hydroperoxidesA), secondary oxidation; formation of

hydroxy, keto, and epoxysterolsB), tertiary oxidation, formation of oligomers, dimers, polymef3, (
degradation; formation of dienes, trieneB)

5

However, large parts of the oxidatigrocess of phytosterols still remain to be elucidated. Studies
observing the losses of intact phytosterols and the concurrent formation of the secondary
oxidation products demonstrated that the decreases of intact sterols exceeded by far the formed
amourts of secondary oxidation products (Sougasl., 2007; MenéndeZarrefioet al, 200&).

In a more comprehensive approach, stigmasterol was heated for 3 h &ClL8@sulting in a loss

of the intact sterol of 626 (MenéndeXarrefioet al, 2010). Polarmid-polar, and norpolar
oxidation products accounted for 38 of this loss; the formation of dimers and polymers
accounted for further 306. This means that there is a gap in the mass balance, leavifigo31l

the stigmasterol loss unexplained.
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Even thoughthey represent only a part of the autoxidation process, the polar secondary
phytosterol oxidation products are the oxides that are characterized best, both in analytical and
LIK&@&aA2f23A0L ¢ NBIFNRad ¢Kdzaz (GKS ¢AKREGAOMNINBEI R
commonly refers to thigroup of compoundsStructures of the most common and quantitatively

dominating phytosterol oxidation products are showrFigure9.

SC SC

OH HO

HO 0]

Figure9. Structures of representative oxidative modifications of phytosterotshydroxy @), 73-hydroxy
(B), 5,8 -epoxy O, 5,8%-epoxy D), 7keto B, 33,5",6R-triol (F).

In contrast to phytosterolgphytostanolsare commonly considered to be more stable due to their
C5C6 saturationHowever, also saturatelipids have been describdd undergo autoxidationin
particularat temperatures>100°C;this is due to a decreasing selectivity of autoxidation at higher
temperatures, as the formed hydroperoxidesadily decompose to form hydroxyand alkoxy
radicals, being able to induce hydrogen abstraction also from saturated compounds @vedrn
1948; Belitzet al, 2001) Research on the oxidation of stanols owever, scarce.Some
structures have been proposed for saturated derivatives of cholesterol oxidized at C27, C28, and
C29 upon incubation with rat liver mitochondrial enzymes (Aringer and Nordstrom, 1081).
free phytostanols, in addition to side chainidation, the generation of Kketo compounds has
been suggested (Dutta, 2004fhe most significant advances concerning the identification of
potential phytostanol oxidation products were achievedrbgearch fromSoupaset al. (20045),

who described gas cbmatographic properties and electron impact (EI) mass spectra of several
secondary oxidation products derived of thes-oxidized sitostanol standardhe corresponding
structures of the quantitatively most important sitostanol oxidation products eoenpiled in

Figurelo.

Based on these data, the sitostanol oxides were quantitated in diffeneat-treated matrices

enriched with either free phytostanols or phytagyl fatty acid esters (Soupasal.,, 2004a; 2005
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2006; 2007). Thereby,henydroxysitostanol and "-hydroxysitostanol were identified as marker
compounds for sitostanol oxidation. Still, oxidation reactions of sitostanol were observed to occur

and proced at a low rate, requiring higher temperatures (>100°C).

C SC SC
B C D
OH HO - HO
OH OH
( SC
F G
SC=
) HO i
0

FigurelO. Structures of important sitostanol oxidation products:"-liydroxysitostanol A), 7R-
hydroxysitostanol B), 6'-hydroxysitostanol @, 63-hydroxysitostanol [§), 15" -hydroxysitostanol B, 7
ketositostanol F), and 6ketositostanol ).

2.3.13 Endogenous Formation of Phytosterol Oxidation Products

The endogenous, enzymatic formation of phytosterol oxidation products has been shown in
variousin vitro experiments In rat liver mitochondria and fractionexidations of both the sterol
nucleus and the side chain 8fsitosterol were observed; however, the conversion ratediof
sitosterol were far below those of cholesterol (Subbiah and Kuksis, 1969; Aringer amdhEner
1973; 1974; Aringeet al, 1976). In rat liver mitochondria, the side chain hydroxylation of
campesterol occurred at a rate similar to cholesterol (Aringeal, 1976). In addition, as the
microbial formation of cholesterol oxidation products iretlgut has been observed in humans
and rats, such transformation reactions are also being discussed for phytosterol oxidation

products (Hwang and Kelsey, 19Foritiet al., 1970).

2.3.1.4 Autoxidation of Phytosteryl-stanyl Fatty Acid Esters

The oxidative behavior of phytosterols esterified to fatty acids was shown to be diffénent
that of free phytosterolsThere are studies suggesting qualitative and quantitative differences in
oxidation profiles between free and esterified phytosterddgpparently, in particular at moderate
temperatures atl00 ¢ 150 °C,the autoxidation reactions as determined via peroxide values and

secondary phytosterol oxidation product@re more pronounced for esterified phytosterols
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(Yanishlieva and Marinova, 198¥anishlievaMaslarovaet al, 1982; Soupast al, 2005
Lehtonenet al, 2011) At higher temperatureghe extent of formation of phytosterol oxidation
products was comparable (Soupetsal., 2005).As both, the phytosterol moiety and the fatty acid
moiety of phytosteryl fatty acid esters are prone to oxidation reactions, the unsaturation degree
of the fatty acid moieties may be of influence regarding phytosterol oxidatiorestigating the

first sequence of autoxidation, the formation of hydroperoxiddsshtonen et al. (2011)
demonstrated wih the example of cholesterol esterified to differently saturated fatty acids that
esterification with a saturated fatty acid increased the formation of sterol hydroperoxides
However, due to the additional oxidatiaf the unsaturated fatty acid moieties, the formation of
secondary sterol oxidation products was higher for esters of unsaturated fatty acids, the amounts
increasing with increasing unsaturation. This is probably to be ascribed to a promotion of the
oxidaton of the steryl moiety by either intraor intermolecular radical propagation (Smith, 1987).
However, not much is known about the formation of secondary oxidation products of the fatty
acid moieties. To date, only one approach for oxidized derivativesitadteryl oleate has been
described allowing the investigation of secondary oxidative modifications of both, the fatty acid
moiety and the steryl moiety of esters in their intact forms (Julbavidet al, 2014).Although
several oxidation productwere quantitated in heattreated enriched margarine, again, there was

a pronounced gap between the determined losses of intact sitosteryl oleate and the formed

amounts of sitosteryl oleate oxidation products.

2.3.2 Occurrence in Foods

2.3.2.1 Non-enriched Fods

Data on phytosterol oxidation products exist for various foods containing phytostestasbls or

their esters as naturally occurring constituents. The presence of phytosterol oxidation products in
crude vegetable oils and their fate during refiningshmeen analyzed (Bortolomeasztial.,, 2003).

The effects of heating of vegetable oils on the formation of phytosterol oxidation products have
been studied in model experiment{®ehrlet al, 2001; Johnsson and Dutta, 2008 well as
under industrial fryig conditions(Dutta, 1997). Commercial potato crisps (Taleteal., 2008),
potato chips prepared in different vegetable oils (Dutta and Appelqgvist, 1997), and French fries
prepared in these oils (Dutta, 1997) have been investigated. Sterol oxidatiorfaimt imilk
formulas and milk cereals {#in et al, 1998), and in readio-eat infant foods during storage
(GarcialLlataset al, 2008) have also been studied. As examples, datsedected foodsare

summarized imablel.
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Tablel. Contents of phytosterol oxidation products (POP) and corresponding oxidation rates determined in selectsttiobed foods and resting intakes calculated on
the basis of consumption data of the corresponding foods.

type of food POP [mg/kg] oxidation rate [%6] POP intake [mg/ﬂ] reference
median 95" percentile

margarine

63 % fat 13.3 0.4 0.1 0.7 Conchilloet al. (2005)
French fries

oven, 225°C, 15min 1.2 0.5 0.08 0.7 Dutta (1997)

pre-fried samples 0.8 1.3 0.06 0.1 Dutta (1997)

restaurant samples 3.4 0.8 0.2 0.5 Dutta (1997)
potato crisps Tabeeet al. (2008)

high fat (>2%%) 1.1 0.6 0.0Z 0.06 Tabeeet al.(2008)

low fat (<25%) 1.2 0.8 0.03 0.06 Tabeeet al. (2008)
chicken

stir-fried, 6min, 228°C’ 8.8 3.7 05 13 Linet al. (2016)
potatoes

shallowfried, 20min, 195°C 11.3 8.1 1.8 4.4 Linet al. (2016)
steak

shallowfried, 15min, 169°C’ 25.9 9.8 1.1 35 Linet al. (2016)
codfish,

microwave, 5min, 600W* 1.3 0.5 0.1 0.2 Linet al. (2016)
muffins

baking, 25min, 140°C 25 2.0 01 03 Linet al. (2016)

& Calculated as percentage of POP withpect to the initial phytosterol content.

® Calculated on the basis of consumption data for adults among consumers only in GermanyeEepior data labelled by footnofe

¢ Calculated on the basis of consumption data for adults among conswnbrsicross European countries (EFSA).

d Heating times are the sum of a pheating time for heating the margarine and the main cooking time after addition of the ingredient.
¢ POP contents are the sum of the contents determined in the food and the cantietiérmined in the residual fat.
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The average content of phytosterol oxidation products in the Hesdted products French fries
and potato crisps was aroundng/kg (except for the French fries obtained as restaurant
samples); this content corresponds to an oxidation rate of approxim&&%. Shallowrying of
potatoes in turn led to a significantly higher oxidation rate &68The highest contents of after
heat treatment of food$26 mg/kg) were determined for shalloviried steak, corresponding to an

oxidation rate of 9.8%.

2.3.2.2 Enriched Foods

Information a the contents of phytosterol oxidation products in foods enriched with
phytosteryl/-stanyl fatty acid esters is available for several matrices; the data are summarized in
Table2. The analyzed products differ regarding type enrichment(free phytosterolsfstanols
versus phytosteryl esters versus phytostanyl esters), degree of enrichnaadt,employed
treatments (e.g heat, storage, addition ahgrediens). The contents of phytosterol oxidation
products determined in conventionally pasteurized milk enriched with free phytosterols or
phytosteryl esters were consistently aroundr@/kg, corresponding to oxidation ratdgetween

0.4 and 0.0™6. The effect of thermal processing on the formation of phytosterol oxidation
products in milk was investigated using different heating techniques (Mené@dezfoet al,
2008). The detected contents ranged frofl to 4.8 mg/kg; microwave heating at 90%/ for
1.5min yielded the highest amounts of oxidation products. However, the amounts of phytosterol
oxides and the corresponding oxidation rates did not reflect the additionally determined losses of
initial phytosterols. For exantg, heating in the Schaal oven resulted in similar amounts of
oxidation products as electric heating, both procedures leading to oxidation oat@4 %.At the

same time, the determined loss of initial phytosterols we¥ 4fter heating in the Schaal ove

but 60% after electric heatinglhis confirms the abovmentioned gap irmass balances based on
the currently employed analytical procedureghen focusing solely on the polar secondary

phytosterol oxidation products.

The oxidation rates determined tommercially produced, neheated margarines enriched with
phytosteryl esters (Grandgiraret al, 2004c; Conchillet al, 2005; Johnsson and Dutta, 2006
Huscheet al, 2011; Baumgartneret al, 2013b;Lin et al, 2016)were in the same order of
magnitude as those in neneated milk (Soupast al, 2006; MenéndeLarrefioet al., 200&).

The effect of heating has been investigated in a liquid spread enriched with phytosteryl esters;
treatment at 205°C for 30min resultedin a more than 16old higher content of phytosterol
oxidation products compared to nemeated spreads, corresponding to an oxidation rate 0f%.0

(Unilever, 2003. This is in the same order of magnitude as oxidation rates determined in
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experiments invetigating the effect of patirying at 180°C on the oxidation of sitosterol in

rapeseed oil and liquithargarine enriched with phytosteryl esters (Soupaal., 2007).

The effects of storage were followed in a dark chocolate enriched with phytosterykestiger 5

months at 30°C, the additionally formed amount of phytosterol oxidation products was low
(Botelhoet al,, 2014). On the other hand, storage of a phytostanyl estaiched spread resulted

in the highest oxidation rates reported in ntreated eNA OK SR & LINB et RIA201)w dzR1T A Z &
Another study investigated the effects of storing a nlidlsed fruit beverage enriched with free
phytosterols for 6 months at different temperatures. Interestingly, storage &t 4ed to higher

contents in phytosteol oxidation products compared to storage at 24 and 37C. However, the

overall increase of phytosterol oxidation products was low, and so weee ctirresponding

oxidation rateq<0.1%y.

The data obtained upon storage of spread enriched with phytodtasters are surprising as they
are based on the determination of phytosterol oxidation products, probably originating from a
minor amount of free and esterified phytosterols, their presence being due to an incomplete
hydrogenation process. Commonlyjstassumedhat phytostanols and their fatty acid esters are
less susceptible to oxidation reactions than phytosterols and the corresponding esters due to the
compktely saturated ring structure (Soupas al, 2004a; 2005). Thisas supported by the 10

fold lower oxidation rate calculated on the basis of the determination of sitostanol oxidation
productsobserved in pasteurized milk enrichedth phytostanyl fatty acid esters compared to
milk enriched to the same extent with phytosteryl fatty acid es{@supast al., 2006) Similarly,
Baumgartnelet al. (2013b) observed the same low oxidation rate for a phytostanyl e=teiched
margarine, however, on the basis of phytosterol oxidation products only, as no oxidation products

of phytostanols were deterimed.

28



BACKGROUND

Table2. Contents of phytosterol oxidation products (P@ejermined in selected enriched foods and meals prepared with enriched feodisesulting intakes calculated on
the basis of a consumption efiriched foods corresponding tog3phytosterols per day.

type of food treatment POP oxidation  POP intake reference
[mg/kg] rate [%] [mg/d]”

milk
free phytosterolsl( 0.5% phytosterols) pasteurization (127C, 2) 2.2 0.04 1.3 Soupast al. (2006)
phytosteryl esters|(0.5% phytosterols) pasteurization (127C, 2) 2.0 0.04 1.2 Soupast al. (2006)
phytostanyl esters|(0.5% phytostanols) pasteurization (127C, ) 0.2 0.004 0.1 Soupaset al. (2006)
phytosteryl/-stanyl esters]( 0.3 %phytosterols) pasteurization 2.1 0.07 21 MenéndezCarreficet al. (200&)
phytosteryl/-stanyl esters](0.3% phytosterols)  65°C, 24 3.1 0.10 3.1 MenéndezCarreficet al. (200&)
phytosteryl/-stanyl esters](0.3% phytosterols)  microwave (900, 1.5min) 4.8 0.16 4.8 MenéndezCarrefioet al. (200&)
phytosteryl/-stanyl esters|(0.3% phytosterols)  microwave (900V, 2.0min) 3.9 0.13 3.9 MenéndezCarreficet al. (200&)
phytosteryl/-stanyl esters|(0.3% phytosterols)  electric heating (15nin) 3.4 0.11 3.4 MenéndezCarreficet al. (200&)

margarine
phytosteryl esters|( 8 % phytosterols) - 68 0.09 2.6 Grandgirarcet al. (2004)
phytosteryl esters|( 6 % phytosterols) - 47 0.07 2.3 Conchilleet al. (2005)
phytosteryl esters - 12 - - Johnssorand Dutta (2006)
phytosteryl esters - 21 - - Huscheet al. (2011)
phytosteryl estersl(15 % phytosterols) - 34 0.02 0.7 Baumgartneet al. (2013)
phytostanyl estersl(15 % phytostanols) - 5.4 0.004 0.1 Baumgartneet al. (2013)
phytosteryl/-stanylesters { 7.5% phytosterols) - 11 0.01 0.4 Linet al. (2016)
phytostanyl esters - 255° - 9.6’ Rudzinskat al. (2014)
phytostanyl esters storage (6 weeks, AC) 354 0.1 13.8 Rudzinskat al. (2014)
phytostanyl esters storage (6 weeks, 2{C) 734 0.61° 27.5' Rudzinskat al. (2014)

liquid margarine
phytosteryl/-stanyl esters|(7.5% phytosteroly heating (205 °C, 3fin) 740 0.99 29.6 Unilever(2003
phytosteryl esters|(5 % phytosterols) panrying (180°C, 5min) 291° 0.99 10.9 Soupast al. (2007)
phytosteryl esters|(5 % phytosterols) panfrying (180°C, 10min) 668 1.3 25.1 Soupast al. (2007)
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Table2. continued.

POP

oxidation

POP intake

type of food treatment (markg] rate [%F (g d]b reference

dark chocolate
phytosteryl esters - 69 - 2.9 Botelhoet al. (2014)
phytosteryl esters storage (5 months, 3€C) 71 0.003' 3.0 Botelhoet al. (2014)

milk-based fruit beverage
free phytosterolsfstanols [ 0.67% phytosterols) pasteurization (10€015°C, 15305s) 2.4 0.05 1.1 Gonzaled arenaet al. (2015)
free phytosterolsfstanols [ 0.67% phytosterols) storage (8months, 4°C) 3.8 0.07 1.7 Gonzaled arenaet al. (2015)
free phytosterolststanols [ 0.67% phytosterols) storage (6months, 24°C) 3.4 0.06 15 Gonzaled arenaet al. (2015)
free phytosterolsfstanols [ 0.67%phytosterols) storage (Gmonths, 37°C) 3.7 0.06 1.7 Gonzalez arenaet al. (2015)

food prepared using enriched margarine

phytosteryl/-stanyl esters|(7.5% phytosteroly
cabbage stir-frying (6min, 260°C¥ 54 0.43 13.0 Linet al. (2016)
chicken stir-frying (6min, 241°C§ 236’ 1.88 56.5 Linet al. (2016)
onions shallowfrying (11min, 162°C§ 21° 0.08 25 Linet al. (2016)
potatoes shallow frying (20nin, 199°C§ 215 2.96 88.8 Linet al. (2016)
salmon shallowfrying (15min, 194 °C) 170 1.37 41.1 Linet al. (2016)
beef roasting (35min, 140"05"f 20° 0.35 10.4 Linet al. (2016)
codfish microwave(5 min, 600W) 2.6° 0.02 0.6 Linet al. (2016)
muffins baking, (25min, 140°C) 4.3 0.07 2.1 Linet al. (2016)
sponge cake baking (60min, 155°C) 12 0.06 1.8 Linet al. (2016)

¥ Calculated as percentage of POP with respect to the initial phytosterol content.
® Calculated on the basis of consumptions correspondinggd®Bytosterol per day.

¢ Onlyphytosterol oxidation products wergetermined

¢ Calculated on the basis of an experimentally determined degree of enrichment.

¢ Heatingtimes are the sum of a preeating time for heating the margarine and the main cooking time after addition of the ingredient.

" Roasting had an additionaitial shallow frying step.

9 POP contents are the sum of the contents determined in the food and the contents determined in the residual fat.
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A recent study investigated the formation of phytosterol oxidawoducts upon the preparation
of different meals using an enriched margarine suitable for cooking and bakingt @lin2016).
The extent of the formed amountsas shown to be strongly dependent on tfad(s) prepared
with the enriched margarineror example stir-fried chicken exhibited imes higher amounts of
POP than stifried cabbageyunder comparabldrying conditions Shallowfrying of potatoes led to
the highest determined amounts of POP among all experimavitie baking a dougko which
enriched margarindnad beenaddedled to the least formation of phytosterol oxidation products.
Even if the absolute amountsf phytosterol oxidation productslietected in this study for the
preparation of meals using the enriched margarine were higher comgardte amounts formed
in similar experiments using the namriched margarineinterestingly the oxidation rates were

observedto be higher for the norenriched margarine (cTablel).

The available data demonstrate the complexity of the processes underlying the oxidation of
phytosterols/phytostanols and their esters added to foods. The determined concentrations of
phytosterol oxidation products are the sums of ketdwydroxy, and epoxycompounds. The
interpretation of the data is hampered by the fact that the employed analytical methods are not
standardized; thus, the actually covered phytosterol oxidation products diffigr not only
qguantitatively but also qualitativelyFurther, intra- and intermolecular reactions, e.g. the
promotion of oxidation of the stanol moieties by oxidized fatty acid moieties may influence the
formation of phytosterol oxidation producttSoupa et al., 2005) Therefore, not only the initial
phytosterol/phytostanol composition, but also the composition of the fatty acid moietiesuld
actuallybe taken into account when assessing the oxidative potential of an enriched food and the

potentially resulting loss of functional ingredients.

2.3.3 Estimation of Dietary Exposure to Phytosterol Oxidation Products

The available data on the occurrence of POPs in both-emoiched and enriched foods, and the
consumption of foods enriched with phytostengianyl fatty acid esters have been used in two

approaches to estimate the dietary exposure to phytosterol oxidation products.

One approachs based on (i) the use of the experimentally determined contents of phytosterol
oxidation products in thermally treatl enriched foods and (ii) the assumption that the upper
daily intake of phytosterols/phytostanols ofgBis achieved by consuming one of these foods. The
daily intakes of phytosterol oxidation products resulting from the consumption of the respective
sening sizes corresponding tog3phytosterols are given for the different enriched foodd able

2. For mn-heated foods (spreads, milldark chocolate and milkbased fruit beveragg the

intakes of phytosterol oxidation products range fr@# to 2.9mg/d. Upon heating, the intake is
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increased t03.1 ¢ 4.8 mg/d for milk and t029.6mg/d for liquid spread for cooking and baking.
The intakes resulting from the preparation of true meals using an enriched margarine varied
greatly, ranging from 0.6g/d upon microwavéheating of codfishto 888 mg/d upon the

consumptionof two portions of shallowried potatoes.

Another approach is based on (i) the use of data on the dietary exposure to phytosterols
estimated from surveys on the consumption of enriched fofildsa and Hepburn, 2006; Hea#dly

al., 2009; Sioeret al,, 2011; Willemset al,, 2013)and (ii) the assumption of a minimum (G4

and a maximum (D %) oxidation rate. As shown ifable 3, the mean intakes of phytosterol
oxidation products resulting from the application of this approach (0¢32.45mg/d for a
minimum and 3.5 24.5mg/d for a maximum oxidation rate) are insamilar order of magnitude

as those determined on the basis of the previousbntioned estimate.

A comparison of the estimated intakes of phytosterol oxidation products from enriched foods to
those resulting from nosenriched foods Table 1) shows significantly higher intakes to be
expected from the consumption of foods with added phytosterols/phytostanols and their esters.
Despite oxidation rates partly being evenlidg in nonenriched foods, the higher initial amounts

of phytosterolscompensate for the lower oxidation rates, still leading to higto¢al amounts of
oxidation products formed thereof and thus resulting in higher daily intakesshown iTable2,

this increase in intake is particularly pronounced for enriched foods subjected to heating

processes

In order to estimate the intake of phytosterols from multiple sources, a weoase model
simulating prospective phytosterol intake has been develoffeghimannet al, 2005) thereby
assuming that the consumer does not follow the recommendations on tbel.l&sing the
German National Food Consumption Study, @ 3g phytosterols were hypothetically added to
the usual daily servings of ten different food products, seleftech novel foods applications; the
prospective phytosterol intake was calculated $t¢pwise accumulation of different functional
foods in three enrichment scenarios. According to the waeste in this model, an enrichment of

2 g phytosterols per proposed serving size would result in a maximum intakegdfl 1Bssuming
again oxidatiorrates of 0.1 and %, respectively, this would result in dietary exposures to POP of

13mg/d and 130mg/d, respectively.
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Table3. Intake of phytosterol oxidation products (POP) based on consumption of edrfobes.

phytosterol intake [g/d] PORntake [mg/d
oxidation rate 0.2 oxidation rate 1.0%
mean 95" percentile mean 95" percentile mean 95" percentile reference
0.350.86 1.063.70 0.350.86 1.063.70 3.58.6 100-37.0 Willemset al. (20135
0.240.96' 1.682.64 0.240.96 1.682.64 2.49.6 16.826.4 Leaet al (20065
2.45 5.48 2.45 5.48 24.5 54.8 Heartyet al. (2009
151 4.20 151 4.10 15.1 42.0 Sioenet al. (2011§

% Intake calculated on the basis of purchases hpmrsehold.

® Data from The Netherlands, United Kingdom, Germany, and Belgium.
¢ Intake calculated on the basis of purchases per consumer.

Data representing the median daily intake.

a
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2.34 Uptake of Plytosterol Oxidation Products fron the Diet

2.3.4.1 Animal Studies

Intragastric administration of two of the main classes of phytosterol oxidation produdist¢?
and epoxides; Bng in ImL of triolein) to mesenteric duatannulated adult male rats revealed
that the lymphatic absorption rate of-Keto-sitosterol (1.4%) was similar to that of sitosterol
(1.2%). Epoxyerivatives showed the highest lymphatic absorption rates {egpoxysitostanol:
2.7% andi-epoxycampestanol: 7.96), whereby campesterol oxidati products were generally

better absorbed than the respective sitosterol derivati{€sandgirarcet al., 1999)

Administration of an AIM3Gbased diet to thoracic duatannulated rats (2.5 cholesterol/kg
diet or 2.5g cholesterol/kg diet + 2.§ phytosterols or phytosterol oxidation products/kg diet)
confirmed the low lymphatic absorption rates of phytosterols (sitosterol:92,2campesterol:
5.5%) when compared to cholesterol (324. However, it revealed that the lymphatic
absorption rates ofoxidation products of sitosterol (9%) and campesterol (15%) were

actually higher than those of the parent phytosterfl®moyoriet al., 2004).

A mixture of phytosterol oxidation products was fed to hamsters for 2 weeks and their
concentrations werefollowed in plasma, aorta, liver, kidneys and hefBrandgirardet al,
2004a) At the two highest doses (500g/kg diet and 2500ng/kg diet), phytosterol oxidation
products were detectable in all investigated tissues. However, the proportion changed aft
intake: The levels of campesterol oxidation products were higher than those of the sitosterol
oxidation products in pkma, while the amount of -Retositosterol, whichwas the dominating
phytosterol oxidation product in the diet, was very low in blodd. contrast to plasma,

sitostanetriol was thenajor phytosterol oxidation product detected in the tissues.

Similar differences of administered phytosterol oxidation productg/kly diet) were observed in
a 6week feeding study with hamsteftianget al., 2011) In the employed dietary mixtures of
sitosterol and stigmasterol oxidation products, thek&to-derivatives dominated, whereas in
plasma only the 7- and 13-hydroxyderivatives and in liverhz and M-hydroxy as well as the

5,61-and 5,8-epoxideswere detected.

2.3.4.2 Human Studies

The occurrence of oxidized plant sterols in human serum was first described for phytosterolemic
patients (Platet al, 2001). Following this report, several studies reporting the presence of

phytosterol oxidation products in plasma of healthy human subjects have been published. Taken
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together, these studies indicate that POP determined in human plasma differ sigdificarnibe

amounts and tpe of oxidation Table4).

Tabled4. Baseline levels of phytosterol oxidation products (POP) determined in human plesnnay.

POP in human plasma/serumM], year

2013 2012 2017 200¢ 2004
7h -hydroxybrassicasterol - 0.0007 - - -
7h -hydroxycampesterol 0.0002 0.006 0.0002 - -
7h -hydroxystigmasterol - 0.008 - - -
7h -hydroxysitosterol 0.0005 0.01 0.0004 0.11 -
73-hydroxybrassicasterol - 0.0006 - - -
73-hydroxycampesterol 0.0008 0.004 0.0004 - -
7R3-hydroxystigmasterol - 0.003 - 0.11
7R-hydroxysitosterol 0.003 0.008 0.003 - -

h -epoxystostanol - - - - 0.01
3-epoxystostanol - - - - 0.13
campestanetriol - - - - 0.01
sitostanetriol - - - - 0.09
7-ketocampesterol 0.001 0.002 0.001 - -
7-ketostigmasterol - 0.002 - - -
7-ketositosterol 0.006 0.004 0.007 - 0.01
total POP 0.011 0.05 0.012 0.22 0.26

4 Baumgartneset al. (2013)
MenéndezCarreficet al. (2012)
Huscheet al. (2011)
MenéndezCarreficet al. (2008)
Grandgirarcet al. (2004)

b
d
The eaier GC/M$hased studiesonly reported the presence of- and B-epoxy and triok
derivatives (Grandgirardet al, 2004b) or the presence of "7- and M-hydroxyderivatives
(MenéndezCarrefioet al., 200®). The largest spectrum of phytosterol oxidation products (in
total: 11) was detected by applying GCxGC/TKdénéndezCarrefioet al, 2012) Two studies
based on isotope dilution GC/MS quantified six pisyrol oxidation products7-keto- and #3-
hydroxysitosterol being the major representativélduscheet al, 2011; Baumgartneet al,
2013b).These studies reported similar ranges of the detected phytosterol oxidation products in
two panels of 16 and 43dalthy volunteers, respectively; the determined concentration ranges of
individual phytosterol oxidation products were 0.073.01ng/ml serum (0.000Z; 0.007uM)
(Huscheet al,, 2011)and 0.09¢ 2.49ng/ml plasmaBaumgartneet al., 2013b).

There are aly three studies available providing comparative data on the levels of phytosterol
oxidation products before and after consumption of phytosteryl esteriched margarine. In the
first study involving 16 human subjects consuming Bhytosterols/d via a @rgarine enriched

with phytosteryl esters for 28 days, there were significant increases in the serum concentrations
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of campesterol (from 2.82+1.44/mL [7.0+£3.6uM] before to 4.19+1.5%g/mL [10.5+3.uM]

after the dietary intervention) and sitosterol @+1.27ug/mL [5.@3.1uM] before and
4.30+1.89ug/mL [10.4+4.uM] after the dietary interventionHuscheet al., 2011).Among the
detected phytosterol oxidation productsZhydroxysitosterol was the major representative in

the consumed margaring.62+0.281g/mg). For this phytosterol oxidation product, a statistically
significant increase (8%) of the serum concentration from 1.20+0.5¢/mL (0.003+0.00uM)
(before consumption of the margarine) to 2.24+1r&Fml (0.005+0.003M) (after consumpon

of the margarine) was observed. In addition, there was a highly significant correlation between
the serum levels of campesterol and the sum efxfgenated campesterot’€0.915;p n ®n n MmO

and sitosterol and the sum ofdxygenated sitosterok{=0.915p n®dnnamo ®

In a second randomized, douHbéind crossoverstudy 43 healthy subjects consumed a margarine
enriched with phytosteryl esters, a margarine enriched with phytostanyl esters and a control
margarine, each of them for 4 weeks, separated by washperiods of four weeks; the
consumption of the enriched margarines corresponded to intakesgitl ®f sterols and stanols,
respectively (Baumgartneret al, 2013b) Compared to control, the serum Lidholesterol
concentrations were reduced after consption of the phytosteryl esteenriched ¢8.1%) and

the phytostanyl esteenriched margarines-{.8%). The consumption of the phytosteryl ester
enriched margarine did not result in changes of thsting plasmaoncentrationsof phytosterol
oxidation products, the individual oxidation products rangfrgm 0.09to 2.49ng/ml (0.0002¢
0.006uM) plasma before andrém 0.09to 2.35ng/mL (0.0002- 0.006uM) plasma after the
dietary intervention. On the other hand, the intake thie phytostanyl esteenriched margarine
reduced thefasting serum concentration of [Fhydroxycampesterol by 0.0Yg/mL compared
with the control £14 %) and the phytosteryl esteanriched margaring-15%).The reason for the
apparently inconclusive dateegarding the concentrations of phytosterol oxidation products in
plasma after consumption of enriched margarine obtained in the same laboratory using the same

method remains unclear.

Thesecond study revealed large variations in the baseline POP coatien among the study

subjects; however, they remained relatively stable over tifRasting erum concentrations of
(non-oxidized) sitosterol and campesterol did not correlate wahktingplasma concentrations of

sitosterol and campesterol oxidation prodts during any of the three interventioriBaumgartner

et al, 2013a).Six subjects could be arbitrarily classified as having consistently low or high plasma
POP concentratiod® ¢ KA & RAFTFSNBYGAlFIGA2Y Ayd2 aft2é | yR

oxidzed LDL concentrations. However, oxidative and-exitlative capacity markers, such as
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A NER y k O2 LILIStd&bphendl | condshntEatio’s and TEAC values could not explain these

differences.

A subgroup (n=10)f the subjects that participated in the secomstiudy additionally consumed a
mixed meal after the 28 day intervention period; the mixed meal was either-amithed
(control), phytosteryl esteenriched, or phytostanyl esteenriched, according to the respective
composition of the margarine consumedrihg the previous 28 day interventig@aumgartneset

al., 2015) After 4h, a second, noenriched mixed meal was consumets humans are in a nen
fasting state for most part of the day, the effects of the intake of enriched meals on plasma
concentrations of phytosterol oxidation products was investigated in a postprandial $tétibe

the consumption of a noenriched mixed mal and the consumption of the phytostanyl ester
enriched meal showed no effects, the consumption of the phytosteryl esteiched mixed meal

led to significantly higher serum concentrations of3-hydroxycampesterol and (¥
hydroxysitosterol, however onlyfi@r consumption of the second, neenriched meal. Also, the
concentrations of noroxidized campesterol and sitosterol were increased. Interestingly, in
plasma the concentration of B-hydroxycampesterol was 2fld higher than that of -
hydroxysitosteral while in the plant sterol esteznriched mixed meal73-hydroxysitosterol was
concentrated 4fold in comparison to (Z-hydroxycampesterolThis is further complicated by the
fact that in the fastingcontrol state, the plasma concentrations oR-Rydroxysiosterol were
higher than those of F-hydroxycampesterol. Based on these observations, the postprandial
increase in serum concentrations oR-Aydroxysterols might be based eithen a differential
absorption of the oxidation products from the dier on a distinct endogenous formation of

certain species of phytosterol oxidation productsoora combination of both effects.

In a recent studythe concentrations of the phytosterols campesterol and sitosterol and their
oxidation products were determined iplasma and aortic valve cusps of patients with severe
aortic stenosigSchottet al, 2014).The absolute and cholesterobrrected levels of campesterol

and sitosterol in plasma, in the aortic valve cusgrsi between both compartments showed a
strong corelation. In contrast, thecorrelation between the concentrations of the phytosterols
and those of the correspondinghytosterol oxidation products in plasma and the correlation
between the phytosterol oxidation products levels in plasma and those incagatve cusps were

only weak. Moreover, the concentrations of plant sterols and those of theioxfdized
metabolites in the tissue of aortic valve cusps significantly correlated. The authors speculated that
the latter finding could relate to local inflamatory processes in atherosclerotic plagues and

tissues, which generate free radicals and trigger oxidation processes.
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The different routes of formation, i.e. enzyroatalyzed vs. chemical oxidations, are expected to
be reflected in differences between thepectra of endogenously formed phytosterol oxidation

products and those ingested via the diet.

2.3.5 Biological Effects of Phytosterol Oxidation Products

2.3.5.1 Genotoxicity

Genotoxicity was assesséul vitro using aheat-treated, re-crystallizedmixture of phytosterols
containing approximatel®0 % phytosterol oxidation products (Leaal.,, 2004).According to the
results obtained from a bacterial mutation assay, a chromosome aberration assay and a
micronucleus assay, phytosterol oxides are cansidered to possess genotoxic potential. A study
employing fractions isolated from therraxidized (-sitosterol confirmed that individual
phytosterol oxidation products did not show mutagenic activity towa®démonella typhimurium
strains (Koschutnigt al., 2010). No evidence of genotoxic effegtsvivowas observed in a flow
cytometerbased micronucleus assay in murine erythrocytes after intraperitoneal injection of

mixtures of phytosterol epoxides or phytosterol triols (AbramsZetterberget al., 2007).

2.3.5.2 Subchronic Toxicity

A 90day feedingstudy in rats was performed using a heetated mixture of phytosterols
containing approximately 3% phytosterol oxidation products (Leaal, 2004). Rats were fed a
control diet without added sterolor diets with either steryl esters (5%) or steryl esters
supplemented with 0.2, 0.6 or 1% of this mixture of POP. There were no effects on behavior,
food and water consumption, ophthalmoscopy, urinalysis and renal concentrating ability, gross
necropsy and histopathology. At the highest dose tested, there wagmificant changes when
compared to the control and the diet containing only steryl esters; they comprised a slight
reduction in body weight (females), slight increases in the thrombocyte céumales) and
decreases in the haemoglobin level, packed cell volume and mean corpuscular volume (females),
slight decreases in the glucose level and increases in the albumin level as well as the
albumin:globulin ratio (males), increases ‘irglutamyl transferase activity (females), reduced
triglyceride and phospholipid levels (both sexes), and a slight increase in liver weight (females).
None of these findings were supported by histopathological changes. According to these findings,
a noadvaseobserved effect leveINOAELDased on the mid dosg.6% of the mixture of POP in

the diet) was established at an estimated dietary level of POP omt28g/d for males and

144 mg/kg/d for females.
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2.3.5.2 Cytotoxicity and Proinflammatory Potential

Numerousin vitro experimentsincubating various cell types and cell lines with mixtures of oxides
or synthesized pure oxides showed POP to exert cytotoxic effects, which are qualitatively similar
to those observed for cholesterol oxidation products, igher concentrations were required
(>60uM) (Adcoxet al, 2001; Maguireet al> H AN no T fetl, ROLE ROEK Vejlirt al,

2012 Gaoet al, 2015) The assessment of markers indicative of inflammatory and/or apoptotic
cellular mechanisms demomated a reduction of cell viability as well as the generation of
oxidative stress and related processes thered&hydroxy and 7keto-derivatives exhibiting the
highest cytotoxic potential among those oxides dominating in fobtisvever, not only the typ

of oxygenation seems to be of relevance, but also the structure of the phytosterol side chain was
shown to determine the cytotoxic activity (Gabal., 2015). Also, a different behavior of mixtures

of phytosterol oxidation products as compared to singlstances should be considered (&ao

al,, 2015).

One studyinvestigated the release of the cytokinasmor necrosis factoh (TNF), interleukin

(ID-8 and IE10 in the intestinal epithelial cell line Ca2aupon addition of &ketocholesterol and
7-ketostigmasterol at a concentration of 6aM (Alemanyet al, 2013).It was shown that 7
ketostigmasterol significantly increased the release of the three alm@stioned cytokines.
Moreover, the amounts of the prmflammatory mediators TNF and -8 released upon
incubation with 7Zketostigmasterol were significantly higher than those secreted upon addition of
7-ketocholesterol. A further experiment was performed, using the same substances and
concentrations, investigating the corresponding proteome ademin Cac@ cells (Laparrat al,
2015).For example, incubation with-Ketostigmasterol induced increases in proteins associated
with inflammatory response, cell proliferation and cell signaling processes, whereas proteins

participating in immune respese, and cell survival processes were decreased.

One in vivo study investigated the effect of mixtures of sitosterol oxidation products or
stigmasteroloxidation products after being injected at a concentration qiNd into mealworms
(Meyeret al, 1998).In accordance with thén vitro observations, the administered phytosterol
oxidation products were shown to be cytotoxic, thereby inducing an increase in mealworm

mortality, but their activities were five times lower than those of cholesterol oxidati@ulpcts.

2.3.5.3 Pro-Atherogenic Effects

In vivogenerated as well as dietary cholesterol oxidation products have been shown to be closely
associated to atherosclerotic procesdgégonarduzzet al, 2002;Stapranset al, 2005;Alemany

et al, 2014) Regarding potential pratherogenic effects of phytosterol oxides, Yaial (2013)
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analyzedin vitro the effect of sitosterol and sitosterol oxidation products on the acetylcholine
(AChjinduced relaxation of rat aortae, a marker of vascular health, isbmetric tension
measurements. Whereas sitosterol did not impair vasorelaxation, sitosterol oxidation products
significantly attenuated ACmediated relaxation at a concentration ofpfy/mL (2.3uM). This
effect observedn vitro was considered by theushors to be an indicator for a pratherogenic
potential of phytosterol oxidation productand was ascribed to an increasg@doduction of

reactive oxygen speci¢ROS)

However, data on this issue are inconclusive when considering the avaialieexperiments.

An in vivo study in ApoEleficient mice could not establish a correlation between dietary
administered POP (0d2kg diet) for nine weeks and serum cholesterol concentrations as well as
the size of atherosclerotic plagues when compared to a phytossipplementeddiet (0.2g/kg

diet) (Tomoyorket al., 2004) Recently, Weingartnest al. (2015) investigated the vascular effects

of intraperitoneal injections of ing/d cholesterol, sitosterol, (Fhydroxycholesterol, and (¥
hydroxycholesterolin ApoE/" mice for four weeks compared to a control groupOnly 73-
hydroxysitosterol applicationesultedin an increase of the respective plasma levatgitionally,

this was closely associated with an increased production of ROS in the aortic tissue. However, the
other outcome parameters that were considered such as endothelial function and early
atherosclerosis were not affected recent study by Plait al. (2014b) investigated the effects of

a westernlike diet containing 0.256 cholesterol compared to the same diet in whid®6 of the
cholesterol had been replaced by cholesterol oxidation products or dietary POP ifi bidtdRfor

35 weeks. Concerning the lesion size, no differences could be observed among the three groups,
confirming the results obtained by the aboewgentioned study by Tomoyoret al (2004)
However, there was a significantly higher proportion of severe atherosclerotic lesions not only in
the mice having been fed the diet containing cholesterol oxidation products but also in the group
having received thehytosterol oxidation products_uisteret al. (2015) compared the levels of
oxidized phytosterols in plasma and aortic valve cusps in patients with severe aortic stenosis with
and without concomitant coronary artery disease. Campesterol oxidation produeisrtic valve

cusps and oxidized sitoster-cholesterol ratio in plasma were higher in patients with
concomitant coronary artery disease, supporting the notion of a-giterogenic potential of

POP. As in these patients also the campesteralholegerol ratio in plasma as well as the
absolute concentrations of campesterol and sitosterol in aortic valve cusps were incredised (
section 2.2.2, local endogenous oxidation processes might be the orgithe phytosterol

oxidation products.
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2.3.5.4 Loss of AntiAtherogenic Properties

Besides potential pratherogenic effects, a lower arditherogenic potency of phytosterols due
to oxidation when compared to neoxidized phytosterols is being discussed. Such an effect
would be of particular relevance nsidering the functionality and efficacy of phytosterol

enriched foods.

Tomoyori et al. (2004) showed that Ap&deficient mice had elevated cholesterol oxidation
product serum levels after having been fed a diet containing POR/ydiet) for nine week in
comparison to a phytosterded control group (0.2)/kg diet). Furthermore, Liargt al. (2011) fed

diets containing either §§/kg phytosterols (sitosterol/stigmasterol) orgtkg of the corresponding
oxidation products to male hamsters for six weekke aortic plaque size and aortic cholesterol
levels were reduced in the animals having received the phytosterol diets when compared to a
control group; these effects were not observed upon consumption of the diets containing POP. In
addition, aortic comtactions in response to ACh stimulatievere significantly reduced in the
phytosteroHed group if compared to the animals fed a control diet. In turn, the aortae of the
animals having consumed POP exhibited contractions as strong as the control graoceujrigd

that oxidation results in a loss of the cargimotective properties of phytosterols.

2.3.5.5 Potential Impact of Phytosterol Oxidation Products on Intestinal Cholesterol

Transporters

The NPCI1L1 protein is known to play an essential role for agptake and absorption of
cholesterol in the intestine. An inhibition of cholesterol uptake via this transporter by
phytosterolststanols has been discussed as one of the mechanisderlying their cholesterol
lowering propertiegde Smett al, 2012).Incubating Cac@ cells with either &ketocholesterol or
7-ketostigmasterol (6QuM) showed no effect on the expression of NPC1L1 protein compared to
non-treated cells (Alemanyt al, 2013). This is in agreement with data in hamsters in which
neither the detary administration of phytosterols ({ sitosterol/stigmasterol per kg diet) nor that

of the corresponding oxidation products @gikg) for six weeks resulted in an altered expression of
this transporter(Lianget al, 2011) Both studies also investigad the potential impact of POP on
the active secretion of cholesterol back into the intestinal lumen, a process that is mediated by
the two half transporters ABCG5 and ABCGS8 (de Snetl, 2012). In thein vitro study, a
downregulation of ABCG5 mRNA wiaduced by both Fketocholesterol and -ketostigmasterol
(Alemanyet al,, 2013). In then vivostudy in hamsters this effect was observed not only for POP
but also for the intact phytosterol@.ianget al., 2011) A downregulation of ABCG5 would lead to

an increased intracellular cholesterol concentration and thus an enhanced availability of

41



BACKGROUND

cholesterol for esterification and incorporation into chylomicrons; however, in both studies no
effect on the expression of ABCG8 mRNA was observed. Taken togethdatthon the impact

of phytosterol oxidation products on the active intestinal transport of cholesterol are still limited.

2.35.6 Potential Impact of Phytosterol Oxidation Products on the Hydrolysis of Phytosteryl

Esters

The essential preondition forthe cholesterol lowering properties of phytosterols added to foods
as their fatty acid esters is the intestinal cleavage of the ester bonds. In a mechanistidudtedy
David et al. (2008 determined the impact of oxidation on th& vitro activity of pancreatic
cholesterol esterase using sitosteryl oleate and the oxidation produketasitosteryl oleate and
sitosteryl9,10-dihydroxystearate as substrates. As shown foketositosteryl oleate, the
oxidation of the sterol moiety led to aincreased affinity to the cholesterol esterase and a faster
conversion when compared to sitosteryl oleate. In contrast, the oxidative modification of the fatty
acid moiety leading to sitoster@d,10-dihydroxystearate resulted in an almost complete loss of
hydrolysis. In addition, in the presence of sitosté3yl0-dihydroxystearate the hydrolysis rate of

sitosteryl oleate was significantly decreased.
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24  Analytical Methods

2.4.1 Analysis ofintact Phytosteryl/-stanyl Fatty AcidEsters

Currently, a numberof methodologies for the analysis of naturally occurring or added
phytosterolststanols in foods are available. The most common methods involve extraction of the
lipid fraction from the sample material using npolar solvents. @sequent alkaline hydrolysis
liberates the sterols from their esters, and the free sterols can be extracted as part of the
unsaponifiable matter. Frequently, a further cleap of the extract is applied, via TLC, SPE, or
column chromatography followed fnally by chromatographic analysis of the individual
compoundgPiironenet al, 200G Abidi, 2001 Toivoet al, 2001; Moreatet al,, 2002 Lagardaet

al., 2006 Inchingoloet al., 2014) While a determination of the total plant sterol content may be
appropriatein certaincasesthe loss of information concerning the fatty acid composition as well
as the phytosterol and phytostanol pattern within the esters is a drawback of these approaches.
However, a qualitative and quantitative analysis of phytodiestanyl fatty acid esters in their

intact forms is not trivial.

2.4.2.1 Sample Preparation

As far as complex matrices are concerned, it is advisable to isolate the intact esters prior to
chromatographic analyste avoid matrix interferencesin orderto analyzeintact steryl esters in
cocoa butter,Kammet al. (2001) used the orline coupling of LC and GC for-ha&3ed pre
separation of the steryl esters from interfering matrix lipids and subsequertds€d analysis of

the intact esters.Employingthe same instrumental approach, Milleret al. (2003) analyzed}
oryzano] a mixture of phytosteryl ferulatesn rice lipids Similarly for the analysis of intact
phytostanyl fatty acid esters in enriched ligidsed foodsBarnsteineret al. (2011)appliedan on

line LEGCGbased methodologysing aphytostanyl estefenriched margarineas examplePrior to
on-line LGGC analysis, the lipids were extracted using organic solvents, such as a mixture of
hexane and methykert-butyl ether (MTBE) for the extraon of lipids fom the enriched
margarine(Barnsteineret al,, 2011) Alternatively, for fatbased matrices, solid phase extraction
procedures have been described for efficiently separating intact phytosteryl and phytostanyl fatty
acid esters from matrix idand triglycerides in plant lipid extractssing aminopropymodified

silica materia(Oelschlageét al, 2012; Eschet al,, 2012; Firl, 20160wing to a reduced polarity

of the aminopropyl material compared to pure silica, it enables a separatidgheoésters and

triglycerides. Based on establishing Mi-Waals interactions between the propyl groups and
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the triglycerides, the triglycerides are being retained, thus allowing a selective elution of the

phytosteryl/-stany! fatty acid esters (Oelschldge¢ al., 2012).

For proteinbased food matricesn turn, such as skimmed mddrinking yoghurts enriched with
phytosteryl and/or phytostanyl fatty acid esters, a miniaturized WeiBtdldt methodology
based on acid hydrolysis of the protein matrix waseloped, followed by extraction of the intact

esters using organic solver{Barnsteineket al,, 2011 2012)

As far as enriched foods are concerned, there are also products available exhibiting both, high fat
and protein content. For thesgypesof matrices,Escheet al. (2013a) described a combination of

(i) acid digestion according tBarnsteineret al. (2011 2012),(ii) subsequentipid extraction and

(iii) on-line LEGGCanalysisfor analysis of intact phytosterytanyl fatty acid esters ienriched

milk and cheeséased spread.

2.4.2.2 Chromatographic Analysis

The variability regarding stergbktanols as well as fatty acid moieties of the estgreparations
used for foodenrichment and theresulting multitude of compounds with a higlklegree of

structural similarities constitutes a challenfye chromatographic separations

Several Gbased approaches have been describdde to the molecular weiglstof the esters
and the resulting low volatility, nepolar, temperature stable GC phasesuch as
dimethylpolysiloxane were frequently used.owever, the use of such non-polar stationary
columnsdid not result in sufficient resolutionof steryl fatty acid estergEvershedet al,, 1987,
Kammet al, 2001; Gunawart al, 2010), neither did thepplication of more polar st&nary
phases (506 phenyk 50% methyl polysiloxane) (Gordon and Griffith, 199@brdon and Miller,
1997; Caboniet al, 2005). Barnsteiner et al. (2011; 2012) reported a capillary gas
chromatography GQ-based separation rad quantitation using an intermediatly polar and
temperature stable trifluoropropylmethyl polysiloxane stationary phasfeeither intact plant
stanyl fatty acid esters or of mixtures of plant stargthd steryl fatty acid estersA detailed
compositionalanalysis of individual plant steryl/stanyl fatty acid esters contained in enriched
foods could thus be performed for the first time. Subsequenthe methodology has been
successfully applied to the investigation of phytosteryl and phytostanyl fattyemstels in several
enriched foods and in natural plant matrices, as well as in feces after dietary consumption of
enriched foods(Escheet al., 2012 2013a; 2013c; Lubinust al, 2013) Though, under the
employed GC conditions esten$ saturated and mononsaturated fatty acids of the same chain

length could not be resolvedA very recent approach described a very good high temperature GC
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based separation of fatty acid esters of cholesterol and phytosterols employing a ionic liquid
capillary column (Hammanand Vetter, 2015). However, no quaatiion was performed, and
phytostanyl esters were not included eithebverall due to the high boiling points of intact
phytosteryl/-stanyl fatty acid esterand due to the presence of reactive double bonds in theyfat
acid moieties, thermal degradations during higimperature GC are a critical disadvantage of this
chromatographic techniqueTherefore,LCbased approaches seem to be morppeopriate for

the analysis of these compounds.

First attempts to analyze inta phytosteryl fatty acid esters extracted from plant materials and
plasma using reversed phase LC were reported in the 1980s and early 1990s (Biltteaher
1983; Kuksist al., 1986; Eversheet al, 1987; Gordon and Griffith, 1992tBillheimeret al.
(1983) were the first to report a separation of molecular species of steryl fatty acid esters utilizing
a C18 column, buthe chromatographic resolution was not satisfactory and, owing to the UV
detector employed, the sensitivity of the method was Iolhe following earlyapproachesalso
suffered from incomplete resolution, long analysis timesd low sensitivitiesIn order to
improve the analytical performance of db@sed methodologies, the use of mass selective
detectors has proven to be effectivhglping to differentiate between celuting esters and to
enhance sensitivity. Cabomit al. (2005) employed positive electrospray ionization (ESI) after
addition of ammonium acetate to the mobile phase to enhance the electrospray ionizability of the
rather apolar phytosteryl fatty acid esters extracted from wheat. As it is typical for soft ionization
techniques like ESI, adducts of the intact molecules were formed upon ionization. Besides, the
mass spectra of the steryl esters exhibited a fragmentFM-H], corresponding to the
protonated sterol nucleus after loss of the fatty acih base peak. Esters with different sterol
nuclei that could not be separated via LC were distinguished by extraction of ions corresponding
to the respective [MFA+H] fragmens. A very recent approach described the analysis of several
phytosteryl fatty acid esters in different plant matrices via-EBSIMS after LC prseparation on

an RP C4 column, allowing a full separation of esters of stearic, oleic, linoleic, and lizaienic
sharing the same sterol nucle(fSirl, 2016) The transitions of ammoniated molecular adduct ions
[M+NH,]" to the fragment ions [MFA+H] were detected in order to differentiate esters of
different sterol nuclei. However, due to the occurrenckisotopologues the transitions were

revealed to benot fully specific.

Direct infusionbased approaches withS| detecting transitions of ammoniated molecular ions to
[M-FA+H] product ions have also been described for the quantitative analysis of phytofséyy!
acid esters irArabidopsigplants (Weweret al, 2011), and for a qualitative analysis of phytosteryl

esters in corn and enriched spreads (Hailat and Helleur, 2Kdp and Kuuranng2001)
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qualitatively recorded precursor ion electrospray tandem mass spectra of phytosteryl esters after
direct infusion. However, despite the simplicity of such approaches, as it has already been
described forcholesteryl fatty acid esters (¥ al, 2014) the applicability ofdirect flow injection
without previous chromatographic separatianight be restricted to the detection of onlg
limited numberof steryl and/or stanyl fatty acid esters due to their high structural similarity

Therefore, this approactoften serves only qualitativepurposes

In contrast to the use oESIlin combination with dopants, atmospheric pressure chemical
ionization (APCI) of steryl esters does not yield molecular ions in considerable amounts. Due to an
in-source fragmentation of He esters, fragments corresponding to f\+H] have been
described to be formed as base peaks, being characteristic of the esterified sterol nucleus (Mezine
et al, 2003; Rudellet al, 2011; Ishida, 2014). Based on this fragmentation, Isiiif{d4)
differentiated and quantified fatty acid esters of stigmasterol, campesterol and sitosterol in
tobacco leaves after a nemgueous LC separation on a C18 coluemploying selected ion
monitoring (SIM).Mezine et al. (2003) used LAPCGIMS with subsequent ion éraction to
guantify phytosteryl fatty acid esters in enriched spreads and beverages. Applying the same
method, the authors also reported a qualitative analysis of a mixture of phytosteryl and
phytostanyl fatty acid esters in an enriched spread. Apparetttly detection of individual esters

via their respective [MFA+H] fragment was rot specific enough for a quangition o such
complex mixtures because of an insufficient chromatographic separation of the esterfiexy

phenyl columrand a ceelution of matrix triglycerides.

The lack of commercially available phytosteryl and phytostanyl fatty acid esters is another
problem encountered with the establishment of appropriate chromatographic methodologies.
Barnsteiner et al. (2011; 2012) described fapilecedures for the preparation of phytosteryl and
phytostanyl fatty acid estersThey werebased on either enzymeatalyzed transesterification of
fatty acid methyl esters and phytostanols usi@grugosdipase orC. antarcticdipase B, or on

chemical sgithesis via heatatalyzed esterification in a nitrogen atmosphere.

2.4.2 Analysis of Phytosterol Oxidation Products

The principles of the existing analytical methodologies for the determination of phytosterol
oxidation products rely on those describedr foholesterol oxidation productéPiironenet al,
2000a). Owing to the analytical capabilities, the focus has almost exclusively been put on the
secondary polar oxidation products of phytosteraletermined,if esterderived, after cleavage of

the esterbonds.Generally, the development of methodologies for the determination of sterol
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oxides is challenging due tbeir overall low concentrations in potentially complex food matrjces
polarity differences between the individual oxygenated specw@®] their low stability.The
qualitative and quantitative analysis of phytosterol oxidation producfsiither complicated, as,
owing to the increased number of substratéisey comprise an even greateumber and variety

of structurally similacompound. This results iexhibiting challenges regarding chromatographic
separation as well as mass spectrometric differentiatida.there is no standardizgatocedure
existing various approaches are available based on (i) lipid extraction and saponification o
transesterification, (ii) isolation and purification via column chromatography, thin layer
chromatography (TLC), or SPE, (iii) derivatization, and (iv) detection via &PBCbased
techniques(Dutta, 2004 Guardiolaet al., 2004; Vanmierlet al., 2013).

24.2.1 Sample Preparation

Lipid Extraction

If food samplego be investigatedare not already present as lipid matrix, the lipids are usually
extracted from the sampleVery commonly, mixtures of chloroform andethanol are used
according toFolchet al. (1957) or according to Bligh and Dy€t959) which, however, are
described to form emulsions some food matricesmaking subsequent extractions and phase
separations difficult (Schmaret al., 1996). Alternatively, combinations oh-hexane andiso-
propanol are other frequently used solvent sys®(@utta and Appelqvist, 1997; Dutta, 199}
originally described byHara and Radi1978) Further modifications or combinations of these
methods have been described, such as for example Soxhlet aatig@chmaret al., 1996). As
concluded in a very recent publication, where several lipid extraction methodologies for the
subsequent determination of phytosterol oxidation products in different matricese tested
extraction conditions need to be seted caefully, as the performance of methodology might
depend on the type of matrix (Menéndé&zarrefioet al, 2016). Thus, the authors applied the
Folch extraction to meat products, the Bligh and Dyer method to fish samples, and the method
described by Hra and Radin to vegetabland potato samples. Lipids frobakery products, in
turn were extracted via acid hydrolysis in order to release phytosterols from steryl glycoBates
the analysis of eggs, acid hydrolysis of the fredized sample material wsa shown to be
optimum, followed by automated Soxhlet extraction using diethyheetpetroleum ether.
However, as diethyl ether is prone to form peroxides (Litleal., 1979),this solventshould be
usedwith cautionregarding the analysis of sterol oxtaan products.Interestingly,Dionisiet al.

(1998) observed withthe example of cholesterol oxidation products in milk powder direct
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saponification without prior lipid extraction being the best choicaipsn the application of thee

methods the least amants of artifects were formed.
Saponification / Transesterification

In order to hydrolyze the lipid matrix, saponification or transesterification is usually employed. It
serves not only to remove the quantitatively dominating triglycerides, but also liberates the
oxidized sterol moietiesHot and cold saponification are psible approaches, with hot
saponification, however, having been described to favor artifact formation and degradations of 7
ketocholesterol and the labile 5,&poxycholestero$ (Tsai and Hudson, 198&uardiolaet al,
2004; Parlet al,, 1996).Therefore cold saponificationvasused by most of the groups working on
phytosterol oxide analysis (Conchi#o al., 2005; Soupast al, 2007; MenéndeZarrefioet al.,
2008y, Ubhayasekera and Dutta, 200@Jthough this may require reaction timag to 20h.
Trarsesterification, in contrast, provides significantly milder conditions in combination with short
reaction times. In additiorsoap formation as occurring in saponified lipid extracts is avoided, and
for cholesterol oxidation products it was demonstratedathartifact formation does not occur
(Schmarret al., 1996).Modifications of a transestéication method described b$chmarret al.
(1996) for the analysis of cholesterol oxidation products have been described and adapted also to
the analysis of phytostrol oxidation products ifipid matrices (Johnsson and Dutta, 200&bee

et al, 2008;w dzR | AeBak, 12014) After alkaline hydrolysis or transesterification, appropriate
organic solvents can be used for extraction of the unsaponifiable matenahining mainly non
oxidized free sterols and their oxidized derivativegon transesterification, also fatty acid methyl

esterswill be ceextracted.
Enrichment and Purification

The main goal of subsequent purification steps is the separation of bhadant noroxidized
sterols from the lowconcentrated sterol oxides in order to avoid interferences in the course of
chromatographic analysisSeveral procedures have been described, mainkpd€ed (Louter,
2004 MenéndezCarrefio et al, 2016) TLGbased (NouroozZadeh and Appelqgvist, 1992;
Conchilloet al, 2005), and SPEased (Dutta and Appelqvist, 1997; Johnsson and Dutta, 2006;
Soupaset al,, 2007) However, SPBased approaches are most commonly used in recent years,
being relatively cheap and minining the exposure of the oxides to oxygen compared to TLC

based techniques (Dutta and Appelqvist, 1997; Guardibéd., 2004).
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Derivatization

For both, gas chromatographic and liquid chromatographic analyses, sterol oxidation products are
usually derivatized. For Galysis, free hydroxyl group®quire derivatiation in order to
improve the volatility of the oxiels which ismost commonlyaccanplishedby the formation of
trimethylsilyl (TMS)ether derivatives(Guardiolaet al, 2004; Louter, 2004). Silylation further
improves the stability of the analytethe chromatographic resolutignand the response tthe

flame ionization detector (FID{Schmarret al, 1996; Guardioleet al, 2004). As additional
advantage, ElI mass spectra of silylated derivatives are easier to interpret due to a reduced
fragmentation (Louter, 2004}:or silylation, dferent time/temperature conditions are described

in literature, as well as different silylation reagerf@Guardiolaet al., 2004).With respect to HPLC
analysis, the attachment of a functional group is common in order to incneealke resolution and

the compounddetectorresponse (Vanmierlet al,, 2013)

2.4.2.2 Chromatographic Analysis

Similar to the intact phytosteryl and phytostanyl fatty acid esters, commercially available
reference compounds for phytosterol oxidation products are lacking, further complicating
particular the development of reliable and reproduciblehromatographic methods. Both,
syntheses (Zang et al, 2005; Kennyet al, 2012; O'Connelet al, 2012; Gaoet al, 2013;
O'Callagharet al,, 2013) and isolation procedures via preparative HPLC (Koscleutaig 2010)

have been described for the generation of individual phytosterol oxidation prodlrctseveral
studies, already described ElI mass spectra of mainly silylated phytosterol oxidation products

serval as basis for the identification of the oxides.

Sterol oxidation products are most commonly analyzed by gas chromatography, coupled to an FID
or a mass spectrometer. Whereas thse ofelevatedtemperaturesasrequired for GC analysis
might actuallyadditionally challenge analysestbe thermolabile serol oxidation productsGC is
still usually preferredas it possesses much bettegeparation capacity in particular as
derivatization procedures considerably enhance the thermostability of the oxides and thus ensure
good analytical recoverie@_outer, 204; Grin and Besseau, 2016jurther, the possibility of
coupling GC to FID enables a highly sensitive and linear detection and quantitation of the oxides
(Louter, 2004).Thereby, the existing analytical methodologiesnostly cover the 7-keto-, 7-
hydroxy, 5,6-epoxy and triokderivatives of the various phytosterol8s in the majority of both
natural and enrich@ foods sitosterol is the dominating sterohxygenated derivatives formed
thereof are chromatographically separated and determined in most studlepending on the
original phytosterol composition, this is frequenttpmplemented by oxides of campesterol,
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stigmasterol and/or brassicasteroln addition, Johnssoat al. (2003 and Johnsson and Dutta
(2003) established @GS methodologies for the chacterization of side chain oxidation products
of stigmasterol, sitosterol and campestetbht, however, were reported to occur only in minor

amounts

The employed capillary columrage normally coated with non-polar stationary phasesmost
frequently corsisting of 3% phenyl groups (Lamef al., 2002; Apprich and Ulberth, 2004; Louter,
2004 Soupaset al, 2004a;Gonzéaled arenaet alY HAMMT 5SNBGAF{lF YR
Barriusoet al,, 2015). In a recently developed methodology, a more psiationary phase was
used with a proportion of 1% phenylgroups (MenéndeZLarrefioet al, 2016). However,
depending on the number of target analytes,-eloitions can be hardly avoided (Apprich and
Ulberth, 2004).The use of MS detectoflps differentiding overlapping peaks and therefore
getting increasindy importart. Still, MSbased quantitatbn usually requires calibration of the
individual analytes due to pronounced differences in responses between the analytes, whereas
the use of FID reduces timeed for external calibration (Guardictd al., 2004; Louter, 2004). This

is particularly relevant in the view of the lack of commercially available reference compounds.
Johnsson and Dutt@005) connected a nepolar 5% phenyl coatetio a midpolar 35% pheny
coated stationary phaséor improving the chromatographic separation of both side chaind

ring-oxygenated phytosterols; however, some@hations still occurred.

As far as GBased analyses are concernedsothe injection technique may be point of critical
evaluation, as coebn-column injections seem to be more appropriate for the labile sterol oxides
and thereforeare frequently applied (Lampét al, 2002;Louter, 2004;Soupaset al., 2004a
MenéndezCarrefioet al., 2016) Despite the gher temperatures accompanying the use of a
split/splitless injector, derivatization seems to sufficiently enhance the stability of the analytes;

therefore, this injection techniqudnas also been employed on several occas{@uwstolomeazzéet

N

al., 2003 AzadmardDamirchi and Dutta, 2009; Oetet al> HnamMT 5SNBGALF 1l | yR

2012).

Despite the advantage of being able to operate at room temperature, HPLC analyses are less
frequently established. Owing to a limited separation powersbb€ed appraches usually in
combination with an APCI sourdeave predominantly been applied to the analysis of oxidation
productsof cholesteroManiniet al, 1998;RazzazFazelet al,, 2000;Raithet al., 2005) as these

are lessnumerousthan oxidation produds of mixtures ofphytosterok. Though, Kemmet al
developed HPLBased approachesemploying a silica phaseallowing the quantitative
determination of oxidation products o$tigmasterol via HPEQV and HPLC separation and

fluorescence (FL) detection (Kema et al., 2005) as well as via HRRBCGIMS (Kkmmo et al,
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2007) the use of HPLLBPCIMS also allowed the MBased differentiation of individual oxidation
products from complex phytosterol mixtures after appropriate chromatographic separation
(Kemmoet a., 2008) Very recently, another approach allowing the additional determination of
non-polar and midpolar oxidation products together with polar oxidation products of different
phytosterols and cholesterol based diquid chromatography; atmospheric phoionization ¢
mass spectrometryLGAPPIMS) using a dicbonded analytical columwas describedGrin and
Besseau, 2016)

However, the described sequencefor sample preparation and subsequent chromatographic
analysis be it GC or HPL@re based onoff-line techniques for the isolation and purification of

phytosterol oxidation productsand the procedures are timeonsuming and carry the risks of

sample losses, degradation of the labile oxides and artifact formatence the stability of the

oxides during sample preparation and chromatographic analysis stadwialysbe monitored.

Besides the development of analytical approaches targeting the polar secondary oxidation
products of phytosterols, first attempts to isolate fractions containing dimersnetrs, and
tetramers viahigh performancesize exclusion chromatography have been descr{hedhpiet al.,

2009; Struijset al,, 2010; Lehtoneret al, 2012)and structures for sterol dimers have been
proposedupon APCIMSand coordination ion spraf$S aralyses (Struijst al., 2010; Rudzinsket

al., 2010)and additionally assessed Imuclear magnetic resonance spectroscopy (NMIR)2 a A Za 1 |
et al, 2013; 2014)Further, apolar secondary oxidation products and degradation produdts
phytosterols in refinedvegetable oils and of thermoxidized stigmasterol standardave been
characterizedvia SPESC/MS (Bortolomeazat al, 2003; MenéndeZLarrefioet al., 2010)and

more recently viaDiol-LGAPPIMS (Griin and Besseau, 2018p the determination of oxidized
phytosterol moieties after cleavage of the ester bonds neglects potential oxidation reactions of
the fatty acid moieties, a very recent study described a first approach to analyze intact oxidized
derivatives of sitosteryl oleate via IESMS/MS determinirg the MS/MS transitions of lithiated
adducts of the oxidized ester@ulienDavid et al, 2014). Someanore mechanistic analytical
approaches additionally focused on the formation and decomposition of hydroperoxides,
investigating phytosterol hydroperoxidesa LGFLafter postcolumn derivatization with diphenyl
1-pyrenylphosphingSaynajoket al., 2003;Kemmoet al., 2005)and via L&APGIMS (Kemmo et

al., 2007). Wdroperoxides of both, the steryl moiety and the fatty acid moieties of intact
stigmasteryloleate in a saturated lipid matricould be determinedafter SPE cleanp and

subsequenHPLEAD/ELSBAnalysigLehtoneret al,, 2012).
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2.42.3 OnlLine L&C

The online coupling of liquid chromatography and gas chromatography has proven to be an
eleganttool for diverse analytical approachesquiring extensive sample preparation prior to
chromatographic analysis of the individual compounidem complex sampleqGrob and
Lanfranchi, 1989)Using this technique, the LC part performs a selective elgaconcentration
and/or fractionation of the sample, replacingborious sample pr&reatment, usually based on
normal phase (NP) LC separatigtyotylainen and Riekkola, 2004). Furthermore, the facility to
monitor the separation o#ine via the L&letector dlows the appropriateLCconditions to be
optimized quickly and precisely. Subsequently, the fraction(s) of interest can be accuratahy cut
transferred online to the GC by switchirgtransfer valve (Grob, 200Bly6tylainen and Riekkola,
2004). This dbws analyses being performed in a closed and fully automatable syStesse
features offer highly reproducible analyses as risks of sample losses and contaminations are
minimized, accompanied by low detection limits due to thelioe transfer as all sate material
contained in the L@raction is transferred to the GC (Grob, 2000; Hydtylainen and Riekkola, 2003).
Therefore, the main application area oftine LEGCis considered to be the quandtion of a
limited number of compounds present at low lésén a complex matrix (Janssenal., 2004).The
principal challenges that are to be solved areexpensive initial setip, the establishmenand
optimization of appropriate LEand GC conditionas well as relatively complicated interface
techniquesto be handled(Dugoet al., 2003) The latter are necessary as the LC fractions to be
transferred are typically several hundreds of microliters, while conventional GC allows just a few
microliters; therefore, the need of specially designed interfaces is @uang for removal of the
eluent (Herrercet al., 2009). Commonly, ecolumn, looptype, and vaporizer interfaces are used.
On-column and loogtype interfaces are usually applied with retention gap techniqaad/or
concurrent solvent evaporatigmespectiely, performed in the GC capillary column by means of a
pre-column system in combination with an early solvent vapor eidiced between the pre
column and the analytical column (Grob, 2000; Hy6tyldinen and Riekkola,. Za@®)er, the
vaporizer interfaces a widely used technique in dime coupling of LC and GKlost applications
involving the vaporizer interface make use of a programmable temperature vaporizer (PTV) or a
hot vaporizingchamber (Hyoétylainen and Riekkola, 2Q0Bhe PTV interface is usadhen large
volumes of injection are needed (Herreetd al, 2009). There are several ways to perform the
transfer: PTV solvent split, PTV large volume splitless transfer, PTV vapor overflow, PTV vapor
overflow transfer with or without splitting and varisumodifications of these techniques
(Hyotylainen and Riekkola, 2003). They allow the elimination of the solvent prior to the GC
capillary column, preveimg contamination of the columnln this case, the installation of a

solvent vapor exit is not necesgaAs aqueous eluents assed in reversed phase (RP) LC are
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unsuitable for direct transfer to GC, RR&C is much less used. The problems related to f&eLC
coupling can besolved either by phase switching techniques before introduction of the LC
fraction to the GC, or by the design of special interface technigdgétyldinen and Riekkola,
2004;Toledancet al.,, 2012a2012b)

The online coupling of LC and Gfas been used foreveral analytical purposes; recent work
focused in particular on the analysis of phytosterols, phytosteryl/phytostanyl fatty acid and ferulic
acid esters in oils (Grob and Lanfranchi, 1989; @tadd., 1992; Lechneet al, 1999; Toledanet

al.,, 20123, fats (Kammet al, 2001), cereals (Milleet al, 2003; Eschet al, 2013e), and nuts
(Escheet al., 2013b), as well as on the analysis of phytosterols and phytostgiyl fatty acid

esters in enriched foods (Barnsteirgral, 2011 Escheet al,, 2013a).
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals

The following chemicals were used:

Acetic anhydride x &b)p
Acetone (SupraSolv)

N,OBis(trimethylsilyDtrifluoroacetamide

+ 1% trimethylchlorosilane (BSTFA/TMCS)

tert-Butanol (>99.746)

Chloroform (AnalaR Normapur)
Cholesteryld y 2 f Sy PoiS 0 Xy p
Cholestery 2f SIS 0 xdy

/] K2t SAGSNEBE %I € YAGE OGS

Cholesteryl stearateq %)
Citricacid, anhydrous (for synthesis)
Copper sulfate pentahydrate (p.A.)
Diethyl ether (extra pure)
Dichloromethane (p.A., %)
Ethylacetate (Rotisolv, |-RIS)

5,6" -Epoxycholesteroh95 %)
5,63-EpoxycholesterobQ5 %)

Fatty acids and fatty acid methgsters

16:0, 16:1, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1,

22:0, 22:1 (analytical grade)
n-Hexane (AnalaR Normapur)
n-Hexane (HiPerSolv Chromanorm)
Hydrochloric acid (2%o)
73-Hydroxycholesterob05 %)
7-Ketocholesterol*90 %)
7-Ketostigmasterol (92)
Magnesium sulfate (anhydrous)

Methanol (HiPerSolv Chromanorm)

SigmaAldrich, Steinheim, Germany

Merck, Darmstadt, Germany

SigmaAldrich, Steinheim, Germany
SigmaAldrich, Steinheim, Germany
VWR International, Darmstadt, Germany
SigmaAldrich, Steinheim, Germany
SigmaAldrich, Steinheim, Germany
Sigmaaidrich, Steinheim, Germany
SigmaAldrich, Steinheim, Germany
Merck, Darmstadt, Germany

Merck, Darmstadt, Germany
SigmaAldrich, Steinheim, Germany
SigmaAldrich, Steinheim, Germany
Carl Roth GmbH, Karlsruhe, Germany
SigmaAldrich, Steinheim, Germany
SigmaAldrich, Steinheim, Germany
SigmaAldrich, Seinheim, Germany
Carl Roth GmbH, Karlsruhe, Germany

VWR International, Darmstadt, Germany
VWR InternationalParmstadt, Germany
SigmaAldrich, Steinheim, Germany
SgmaAldrich, Steinheim, Germany
SigmaAldrich, Steinheim, Germany
SteraloidsNewport, RI, USA
SigmaAldrich, Steinheim, Germany
VWR International, Darmstadt, Germany
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Methyl tert-butyl ether Evonik hdustriesAG, Essen, Germany
Potassium hydroxide«85 %) SigmaAldrich, Steinheim, Germany
Potassium permanganate (p.A.) Merck, Darmstadt, Germany
iso-Propanol (HiPerSolv, Chromanorm) VWR International, Darmstadt, Germany
Pyridine (99.80) SigmaAldrich, Steinheim, Germany
beta-Sitosterol, with ca. 10%campesterol {75%) Acros Organicdorris Plains, NJ, USA
Sodium bicarbonate (>9%) SigmaAldrich, S¢inheim, Germany
Sodium methoxide (reagent grade, 99 SgmaAldrich, Seinheim, Germany
Sodium methoxide (3% in methanol) Merck, Darmstadt, German

Sodium sulfate (anhydrous) VWR International, Darmstadt, Germany
Stigmastanol (9%6) SigmaAldrich, Steinheim, Germany
Stigmasterol495 %) SigmaAldrich, Steinheim, Germany
Water (Chromasolv, EKS Ultra) SgmaAldrich, Steinheim, Germany

MTBEand diethyl ether were distilled prior to use.

3.1.2 Plantstanol/sterol and stanyl/steryl fatty acid ester mixtures

A mixture of phytosteryl and phytostanyl fatty acid esters (Vegapure® 95Bp Zrée
sterols/stanols and 96.% phytosteryl/phytostanylesters with an ester profile of 44%
sitosteryl18:2, 18.8% sitosteryl8:1, 11.0%0 campesteryl8:2, 4.6% campesteryl8:1, 4.5%
sitostanyt18:2, 4.2 sitosteryl6:0, 2.3% sitosteryl8:0, 1.9% brassicastend8:2, 1.9%
sitostanyt18:1, 1.0% canpesteryt16:0, 0.8% brassicasterd8:1, 0.6% campestanyl8:2, 0.6%
stigmasteryl18:1, 0.6% campesteryl8:0, 0.4% sitostanyll6:0, 0.4% sitoster#22:0, 0.3%
campestanyil8:1, 0.3% stigmasteryl8:1, 0.2% sitostanyll8:0, 0.2% brassicastery6:1, 0.1%
sitosteryt20:0, 0.1% brassicastend8:0, 0.1% campestery22:0, 0.1% sitosteryl6:1, 0.1%
sitosteryt18:3, 0.1% sitostery20:1, 0.1% campestanyl6:0, 0.1% stigmasteryl6:0, 0.04%
sitostanyt22:0, 0.036 campestery20:0, 0.03% canpestanyi18:0, 0.03% stigmasteryl8:0,
0.02% campesteryl6:1, 0.026 campesteryl8:3, 0.026 campestery20:1, 0.01% campestanyl
22:0, and 0.0246 sitostanyR0:0) was provided by Cognis GmbH (lllertissen, Germany).

A mixture of phytostanyl fatty agiesters (STAES1I5; 96.8% phytostanyl esters with an ester
profile of 55.9% sitostanyll8:1, 18.4% sitostanyll8:2, 8.1% sitostanyll8:3, 5.7% campestanyl
18:1, 4.1% sitostanyll6:0, 1.9% campestanyl8:2, 1.5% sitostanyll8:0, 1.3% sitostanyP0:1,
0.8% campestanyl8:3, 0.5% sitostanyP0:0, 0.4% sitostanyPl2:1, 0.4% campestanyl6:0,
0.3% sitostanyP2:0, 0.26 sitostanyll6:1, 0.2 campestanyl8:0, 0.1% campestany20:1,
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0.1% campestany20:0, 0.0 campestany?22:1, 0.0 campesinyt22:0, and 0.036
campestanyll6:1) was provided by Raisio Group (Raisio, Finland).
Mixtures of soy sterols (Generol® 122 N) and of wood stanols (Reducol® Stanol Powder) were

provided by Cognis GmbH (lllertissen, Germany).

3.1.3 Enzyme Preparations

Lipase B acrylic resirom Candidaantarctica SigmaAldrich, Steinheim, Germany

Lipase fronCandida rugosa SigmaAldrich, Steinheim, Germany

3.14 Synthe®s of Reference Compounds

Individual phytosteryl and phytostanyl fatty acid esters were synthesized according to previously
described proceduregBarnsteineret al, 2011; 2012) Syntheses of steryétanyl esters of

palmitoleic acid, behenic acid, and erucic acid were enzymaticathlyzed.

5,63-Epoxysitosteryl acetate and B&poxycampesteryl acetate were synthesized according to a
procedure previously described b¥Xenny et al. (2012 for the synthesis of 5[&

epoxydihydrobrassicasteryl acetate.

3.15 Food Materials

Theanalyzedenriched foods are compiled ifables.
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Table5. Overview on the investigated enrichéabds.

food no.

other ingredients

skimmed milkdrinking yoghurt
G9YYA .SyS02f &0GNI66S 1

soft cheesestyle spread
. SySO2xi / KSSasS adet ¢ 1

2
margarine

. Sy&DI2NBF NBY Il NRIfAYyy 1
Ol 6 NIieOK G0Odzal Ol dz

. SySoz2t @2A g NRLAAI 2
d. SOSt LINR oI Ol A @¢ 37
CCNUZA i ROGAND LIN#A 5342y 3 8
4G5St A wSTF2NY I OGABSE 9
a. Sttralry OGAQDE 10

country of .
manufacturer enrichment
purchase
Emmi, Luzern (CH) D 3.0% phytostanols

McNeill Nutritionals Ltd., Wokingham (Ul UK  4.0% phytostanols

Bunge Polsa Sp. Z.0.0. KarcBWy PL  8.0% phytostanols
Raisio (FIN) FIN  8.0% phytostanols
Unilever (D) D 12.5% plant sterol ester:
Unilever (F) F 12.5% plantsterol esters
Walter Rau Lebensmittelwerke GmbH (I D 12.5% plant sterol ester:
Walter Rau Lebensmittelwerke GmbH (I D 12.5% plant sterol ester:

2.1% fat, 3.0% protein

13.9% fat, 8.1% protein

60 % fat

60 % fat
40% fat
60 %fat
39% fat
39% fat
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3.2 Methods

3.2.1 Analysis of Intact Phytosteryl and/or Phytostanyl Fatty Adtdters

3.2.11 Lipid Extraction

The extraction of lipids from skimmed mdkinking yaghurts as well as from the satheesestyle
spread was performed according to a previously cdié®d method (Barnsteineet al, 2011;
Escheet al, 2013a). First, the drinking yoghurt was homogenized by vigorousnghakd the soft
cheesestyle spread by using an electric blender. Three hundred microliters of the internal
standard (IS) cholestdrjinolenate [2.5mg/mL in n-hexane/MTBE (3:2, v/v)] were put into a
reaction vessel, and the solvent was removed by a gentle stream of nitrogen. One hundred
milligrams of drinking yoghurt or #8g of softcheesestyle spread, a magnetic stir bar, 4QQ of
bi-distilled water, and InL of hydrochloric acid (Z&) were added, and the sealed vessel was
sonicated until the internal standard was dispersed; the completeness of the dispersion was
examined visually. The digestion was performed at A30for 45nin. After cooling to room
temperature, ImL of bidistilled water was added, and the solution was filtered using a (45
membrane filter. The vial and the filter were washed three times withL50f bidistilled water

until the pH of the filtrate was neuwal. The lipids were extracted three times withmh of n-
hexane/MTBE (3:2, v/v), and the combined extracts were dried with sodium sulfate. An aliquot of
the drinking yoghurt extract was dried under nitrogen;dissolved in the same volume ethyl
acetae EtOAgand directly used for UHPIMIS analysis. The safheesestyle spread extract was

further subjected to solid phase extraction.

For lipid extraction from the margarine samglea previously published method was used
(Barnsteineret al, 2011) Thity mg of the sample were weighed into a vessel, BD0of the
internal standard cholesteryl linolenater cholesteryl palmitatd2.5mg/mL inn-hexane/MTBE
(3:2, viv)], 5mL ofn-hexane/MTBE (3:2, v/v) and sodium sulfate were added and sonicated for
1 min. The solution was filtered through a 0.48 membrane filter. The vessel and the filter were
washed twice with 3nL ofn-hexane/MTBE (3:2, v/v), and the combined extracts were used for

solid phase extractian

3.2.12 Solid Phase Extraction

A500pL aliquot of the lipid extract®f the margarines and the sofheesestyle spread was dried
via a gentle stream of nitrogen and-dissolved in the same volume pfthexane. One hundred

and twenty pL of the lipid extract was loaded onto a Strata NBSum, 70A, 400mg/3 mL SPE
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cartridge (Phenomenex, Aschaffenburg, Germany) previously conditioned with RLx @ n-
hexane, and the stanyl/steryl fatty acid esters were eluted with 2nt.3fn-hexanediethyl ether
(EtO) (99:1, viv). After evaporation of theolvent by a gentle stream of nitrogen, the residue was
dissolved in 15QL of EtOAc, filtered through a Queh membrane filter, and subjected to UHRPLC

MS analysis.

3.2.13 UHPLEAPCIMS Analysis of Intact Phytostanyl Fatty Acid Esters in Enriched Foods

Sanples were analyzedby injecting 0.8uL into a1290 Infinity Series HPLC systentAgilent
Technologies, Waldbronn, Germany) coupled to a Surveyor MSQ Plus single quadrupele mass
selective detector, using an atmospheric pressure chemical ionization (APCI) source (Dionex
Softron GmbH, Germering, Germany). UHPLC separation was carried @ai50 mm x 2.16m

i.d., 1.7um, 100A, Kinetex 8 column (Phenomenex, Aschaffenburg, Germany) atG@nd a

flow rate of 0.58mL/min. The mobile phase was composed of MeOH and water with the following
gradient: from 90% to 95% MeOH within 1.2nin and holding until 3nin; from 95% to 100%

MeOH between 3 and 1&in, and back to the initial 996 from 12 to 1%nin. The MS parameters

were set as follows: ionization mode: APCI (positive); probe temperature?@ON nebulizer
pressure: 45 psi; cone voltage: 80V; coronal discharge: |8A. Instrument control and data
acquisition were performed bycalibursoftware 2.0.7, Thermo MSQ 2.0 (Thermo Scientific,
Austin, TX), Chromeleon software 6.80 (Dionex Corporation, Sunnyvale, CA) in combination with
Agilent Instrument Control Framework (Agilent Technologies, Waldbronn, Germany). Mass
spectra of synthesized reference compounds were recorded in full scan mode at a mass range of
m/z 100-750. For quantitative analyses the MS detector was adjusted to monitsitiyp® ions in

the selected ion monitoring (SIM) mode with a mass window of 0.5h/at369.3, 385.3, and

399.3 respectivey.

The identitiesof the phytostanyl fatty acid esters extracted from enriched foods were confirmed
via comparison of relative retention times to those of synthesized standard compounds in the
respective SIM modeSanyl fatty acid esters were quatdted by generatingfive-point
calibration functionswvith 0.1, 0.26, 0.43, 0.6, and 0.7& of total esterSTAEST15/mL, except

for campestanyR0:0, campestany20:1, and campestamil8:0 which were quantitated via three
point calibration functions with 0.43, 0.6, and 0.mg of total esters (STAES$I5)/mL Each
calibration point wasnalyzedn triplicate. Linear regression was confirmed in ratio of areas (area

stanyl ester/area 1S) and amounts (amount stanyl ester/amount IS).
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3.2.14 UHPL&APCIMS Analysis of Intact Phytoeryl and Phytostanyl Fatty Acid Esters in

Complex Mixtures

Samples were analyzed by injecting QL8into a 1290 Infinity Series UHPLC system (Agilent
Technologies, Waldbronn, Germany) coupled 8480 triple quadrupole mass selective detector
(Agilent Bchnologies, Waldbronn, Germany), equipped with @&PCl source(Agilent
Technologies, Waldbronn, Germany). The UHPLC conditions were as describedctBivd Q.
TheMS was operated in the SIM maqdesing the second quadrupoland parameters wereset

as follows: ionization mode, APCI (positive); drying gas temperature, °850vaporizer
temperature, 350°C; drying gas gNflow, 9l/min; nebulizer pressure, 60si; capillary voltage,
3000V, coronal discharge,|8A; fragmentor voltage, 79; cell acelerator voltage, 7V; resolution,
unit. Instrument control and data acquisition were performed by MassHunter workstation
software B.06.00 Agilent Technologies, Waldbronn, Germany). Mass spectra of synthesized
reference compounds were recorded in fulbeomode at a mass range i’z 150 ¢ 800. For the
gquantitative determination of sitosteryl and campesteryl fatty acid esters, the MS detector
scanned in a first chromatographic run in the selected ion monitoring)(8idtle with a dwell
time of 150ms atm/z 369.2, 397.2, and 383.2. For the quantitative analysibragsicasteryl,
campestanyl, stigmasteryl, and sitostafgtty acid esters, the MS detector operated in a second
chromatographic run in the SIM modeasning with a dwell time of 4@s atm/z 369.2, 381.2,
385.2 395.3, 399.2, 665.4nd679.5.

The identities of the phytosteryl and phytostanyl fatty acid esters extracted from enriched
margarines were confirmed via comparison of relative retention times to those of synthesized
reference compoundsni the respective SIM mode. Steryl and stanyl fatty acid esters were
quantitated by generating fivpoint calibration functions with @, 0.2, 03, 04, and 05 mg of

total esters (Vegapure 95E)/mlexcept for campestary2:0 and sitostany22:0 which were
quantified via threepoint calibration functions with 0.3, 0.4, and 0.5 mg of total esters (Vegapure

95E)/mL. Each calibration point was analyzed in triplicate.

3.2.15 Validation of the UHPL@PCIMS Approaches

Limits of Detection andLimits ofQuantitation

The instrumental limits of detection (LOD) and limits of quantitation (LOQ) were determined

according to the method dfogelgesang and Hadri¢h998).
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Linearity

Linear regression of the fiyeoint calibration curves was confirmed in ratid areas (area of

steryl/stanyl ester / area of IS) and amounts (amount of steryl/stanyl ester / amount of IS).
Recovery Rates

For the phytostanyl esteenriched foods, eécovel rates were determinedby spikingnon-
enriched products with known amounts dig plant stanyl ester mixture STAESbB. To 100mg

of skimmed milk yogurt (0.% fat), 30ng of margaring45% fat)and 75mg of cream cheese
(13% fat)were added 5ng, 4.5mg and 4.9ng of the phytostanyl ester mixture, respectively.
Recovery rates for the phytosterydtanyl ester enriched margarine were determined by spiking
30mg of a norenriched margarine (4§ fat per 10Qy) with known amounts of the
phytosteryl/phytostanyl ester mixture Vegapure 95E at three different levels 837, and 4.5ng,
corresponding to 10, 12.3, and ¥ of phytosteryl fatty acid esters, respectively) in triplicate.
Subsequently, the spiked samples were subjected to the extraction procedures as described
above. The absence of inherently present phieod/phytostanyl fatty acid esters (i.e. <LOD) was

demonstrated by subjecting the neanriched margarine to the analytical procedure.
Repeatability and Remducibility

Two packages of enriched margarine were analyzed in triplicate on three differentgayse
operator to determine the repeatability of the method. Reproducibility was assessed by the
additional triplicate analysis of each package by a second operator. As additional quality control
measures, the performance of the instrument was reguladgfirmed by assessing the responses
obtained for the calibration solutions and by analyzing and quantitating the same margarine
sample each time a new batch of samples was subjected 4#d% @nalysis. The stability of the
samples, i.e. the target analytés EtOAc, was demonstrated by repeated analyses of the

calibration solutions over a period of 4 weeks.

3.2.2 Analysis of Phytosterol/Phytostanol Oxidation Products

During all sample preparatios, potential oxidation of lipids was minimized by wrapping
transparent ldware with aluminum foil. ie use of glassware was avoided in order to prexgent
loss of analytes due to adsorptipransesterification, extraction, and washing steps were

performed in 15mL polypropylene centrifuge tulse
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3.2.2.1 Preparationof Reference Compounds

Reference compounds of 3,&poxy, 7-keto-, 7h-hydroxy, and MR-hydroxysterols and of
hydroxysitostanolswere obtained via a sengireparative HPL-Geparation of thermeoxidized
sterol standard compounds, based on the principles of a method describéddmmoet al,
2005) Briefly, 15ng of sterolstanol standard were heated a180°C for180 min in an open

11mL glass vial in a ventilateden, and subsequently cooled in a dessicator.

For preparation of sitostanol hydroxides, the oxidized sitostanol standard was dissolved in 5 mL of
n-hexane/E3O (9:1, v/v) using a sonicator and purified using a Supelt/l€8i 500mg/3 mL SPE
cartridge (Sigm&ldrich, Steinheim, Germany) according to a previously described procedure
(Lampiet al., 2002; Soupast al,, 2004b). After activation of the silica withi. ofn-hexane, ImL

of the oxidized standard was loadedtorthe SPE cartridge. The cartridge was washed witiL5

of n-hexane/E$O (9:1, v/v), followed by &L ofn-hexane/E3O (1:1, v/v). The stanol oxidation
products were subsequently eluted withngL of acetone. The acetone fractions of three SPE
purifications were combined and the solvent was removed via a gentle stream of nitrogen and

subjected to sempreparative HPLC separation.

All other oxidized sterol standards were direaligsolved in 120QL n-hexanelso-propanol (96:4,

v/Vv) using a sonicator. Thegaration was carried out using a Dionex HPLC system (UltiMate 3000
series, Dionex Softron GmbH, Germering, Germany) equipped with a wavelength d&tEefor
adjusted to 2061m. The sample (thL) was injected onto a Nucleosil-5Golumn (250 x &m,

5 um; CSChromatographie, Germany) tempered at 0. A linear gradient was used with
hexane andso-propanol at 3.5mL/min; the amount ofso-propanol was raised from % to 12%
within 30min. This resulted in the separation of B;6poxy, 7-keto-, 7 -hydroxy-, and 13-
hydroxysterols The purities and identities of the substances were confirmed via GC/FID and
GC/MS of TMS derivatives according to mass spectra from the literéDuttéa and Appelqvist,
1997; Dutta, 1997; Lampt al., 2002; Apprich and Ulbdrt 2004; Conchillet al., 2005).Further,

two different hydroxysitostanols could be separated. The GC/MS spectrum of the first compound
as silylated derivative was identical to that reported for silylaBeehydroxysitostano(Soupaset

al., 2004b) The scond compound was identified ashydroxysitostanol based on comparison of
the GC/MS speaim of the TMSderivative to mass spectra described (Soupast al, 2004b),

the identity of the epimer could not be assigne8,63-Epoxysitosteryl acetate and 6
epoxycampesteryl acetate wergynthesized according to a procedure previously described by
Kennyet al. (2012)for the synthesis of 5[8epoxydihydrobrassicast@r acetate All reference

compounds were stored under nitroget-10 °C.
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3.2.2.2 ThermoOxidation of Stigmasterol

Stigmasterol standard (@g) was weighed into an IfL glass vial and heated in an oven at
180°C for 6min. The sample was cooled in a desiccator and dissolvednin dfn-hexanelso-
propanol (96:4, v/v). An aliquot of0B pL was evaporated to dryness and acetylated using_1
pyridine and 10QL acetic anhydride (room temperature, b® based on a protocol of
Meneghetti et al. (1987). After acetylation, the reagents were removed by a gentle stream of
nitrogen and the rsidue was dissolved inrdL n-hexane/MTBESo-propanol (80:20:0.3, viviv)

for ontline LEGC analysis.

3.2.2.3 ThermoOxidation of a Phytosteryl EstefEnriched Margarine

For thermoeoxidation of a phytosteryl estegnriched margarine, 4 + 0.1g were weighd into a
250mL glass bottle (525cm i.d. at the bottom); this resulted in a surface area in contact with air
of 24cn? of the melted margarine. The bottle was sealed with perforated aluminum foil that was
fixed with a hose clamp and the samples were kédain an oven at 186C for 30, 60, 90, and
150min, respectively. After cooling, the samples were dissolved 5mll of MTBE and

immediately aliquoted to 1InL vials; the aliquots corresponded to 25@+ 10 mg margarine.

3.2.2.4 Sample Preparation oEnriched Margarines

For analysis of the neheated margarine, 25g sample were directly weighed into il vials
and subjected to further analysis. To the samples3&poxycholesterol and-Ketocholesterol
were added as internal standards (IS). The ant® of internal standard§0.037mg ¢ 0.268mg
5,63-epoxycholesterol (K 0.015mg ¢ 0.15mg *ketocholesterol (Ig) were adjusted to the
expected amounts of phytosterol oxidation products in the sample. After removal of the solvents
via a gentle strea of nitrogen, the phytosterol oxidation products were extracted according to a
ONF YyASAUGSNATFAOI GA2Y LINEd SL.RAMMNE Brigdlg, D NAMTBERand &
2 mL of sodium methoxide (1% in methanol) were addeid the dried samples. Thmixture was
vortexed and allowed to stand forHLat room temperature in the dark. After transesterification,
5mL of bidistilled water and a spatula tip full of citric acid were added and the phytosterol
oxidation products were extracted twice withmL and 4mL chloroform, respectively. The
combined organic phases were washed with B¥5bidistilled water, evaporated to dryness and
acetylated with 2nL pyridine and 20QL of acetic anhydride for 12 at room temperature in the
dark. The reagents weremeved via a gentle stream of nitrogen, thesidue was dissolved incl

3 mL of n-hexane/MTBHESo-propanol (80:20:0.3, v/v/v), depending on the expected

63



MATERIALS AND METHODS

concentrations of phytosterol oxidation products in the sample, and subjected #ner_.GGC

analysis

3.2.2.5 OnlLine L&C Analysis

The online LEGC system consisted of a 1220 Infinity LC which was coupled to a 7890A GC
equipped with @ FID via a 1200 Infinity Series-gbsition/6-port switching valve (Agilent
Technologies, Waldbronn, Germany). The @alvas fitted with a 25@L sample loop. LC
separatiors were carried out on a 250 xn2m, 5um, Eurosphefl00 Si column (Knauer, Berlin,
Germany) at 30C usingn-hexane/MTBESo-propanol (80:20:0.3, v/v/v) as eluent at Gri/min.
The injection volume wa% pL andUV detection was performed at 208m. The transfer valve
switched for transfer 1 (5;8poxy and 7hydroxysterols) 6.1in after injection and for transfer 2
(7-ketosterols) 8.Imin after injection. Evaporation of the solvent was performed via the
temperature programmable multimode inlet (MMI) in the programmable temperature vaporizer
(PTV) solvent vent mode. The injector was equipped with a completely deactiviated5190
2295 Ultra Inert Liner; universal, low pressure drop, glass wool, Agiksftnologies, Waldbronn,
Germany) The injector temperaturewas set to 50C hold for 0.62&in and vent flow was
adjusted to 900nL/min with a vent pressure of @gsi until0.625min. The inletwas then heated
with 900°C/min to 300°C and the analytes we transferred to the GC column. The purge flow to
the split vent for clearup wasstarted at 0.625nin with 2.5mL/min. The stainless steel transfer
line installed between the valve and the inlet was presstontrolled by a second line controlled
by the pneumatics control module (PCMhe pressure was set togsi for 0.3min followed by a
ramp of 10psi/min until 20psi. GC separations were carried out on arl% 0.25mm i.d. fused
silica capillary column coated with a film of ubh Rtx200MS trifluoopropylmethyl polysiloxane
(Restek GmbH, Bad Homburg, Germany). Hydrogen was used as carrigthgasonstant flow
rate of 1.bmL/min. The oven temperature program was as follows: initial temperature,C40
(2min), programmed at 100C/min to 100°C, hen at 15°C/min to 310°C (5min). The detector
temperature was set to 340C. Nitrogen was used as keaup gas with a flow rate of 28L/min.

Data acquisition was performed by ChemStation software.

Identification of the analytesvas performed by oine LEGCMS. The GC part was coupled via a
transfer line to a 5975C inert mass spectrometer with triple axis detector (Agilent Technologies,
Waldbronn, Germany). Mass spectra were obtained by positive electron impact ionization at
70eV in the scan mode amnit resolution from 50 to 70@a.The interface was heated to 28C,

the ion source to 250C, and the quadrupole to 153C. GC separations were performed on a5

x 0.25mm i.d., 0.Jum film, Rtx20eMS fused silica capillary cohn (Restek, Bad Homburg,
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Germany). The GC conditions were as described fdmenLGGCGFID analysis. Data acquisition

was performed by MSD Productivity ChemStation.

The phytosterol oxidation products were quantitatedh online LGGC/FIDusing a reponse
factor () of 1.0 for 5,6epoxy and 7ketophytosterols and mRf of 1.2 for hydroxyphytosterols
stanolsrelativeto the respective internal standards; tli#s had been determined using reference

compounds.

3.2.2.6 Validation of the OnLine L&GCApproach

Limits of Detection and Limits of Quantitation

The instrumental LOD and LOQ were determined according to the method of Vogelgesang and
Hadrich(1998) for selected representatives of acetylated stigmasterol and cholesterol oxidation

products.
Linearity and Working Range

Five point calibration curves were established in the range fropg/@L to 360ug/mL for
acetylated 5,61 -epoxysitosterol, B-hydroxysitostergl and from 2ug/mL to 350ug/mL for
acetylated 5,8-epoxycholesterol, -ketocholesteol, and 7ketostigmasterol.Three replicates of
each concentration were performed@he equations of the calibration curves were determined by

linear regression analysis of the peak af@aversus the concentration of the analyte.(
Matrix Effect

Thepotential matrix effecton GC analysisas evaluated using thermaxidized stigmasterol (n=3)
that was dissolved in thL of n-hexanelso-propanol (96:4, v/v); after addition of the internal
standards, aliquots of 15@ were both (i) directly acetylated and analyzed vialioe LEGC/FID
and (ii) spiked to250mg of nonrheated and heated noenriched margarine, respectively,
subjected to the sample preparation procedure, acetylated and analyzed WiaeohGGC/FID.
The amounts of stigmasterol oxidation products determined in the directly acetylatkermo-
oxidized stigmasterol standardersus thequantitated amountsof the stigmasteroloxidation

produds spiked to matrixvere calculated.
Recovery Rates

Recovery ratesof the whole method were determined by spiking 28@ of a norenriched
margarine (4% fat) with known amounts of representative stigmasterol oxidation products at
three different levels in the range of Zl0pg in triplicate. Subsequently, the samplegre
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taken through the entire extraction procedure as described aba¥e3(2.2.4 and 3.2.2)5 The
non-enriched margarine was also subjected to the sample preparation procedure in order to

confirm the absence of phytosterol oxidation products.
Repeatabilty and Reproducibility

In order to cover the full range of analyte concentrations, three different margarine samples (hon
heated, heated fo®0min, heated for 150nin) corresponding to the low, medium and high levels
determined for each analyte, respeatly, were chosen. The samples were analyzed in triplicate
on three days by one operator to determine the repeatability. Reproducibility was assessed by the
additional triplicate analysis of each of the three samples by a second operator-féid10
injection of a margarine sample revealed very good instrumental repeatability, as for all
compounds the relative standard deviatisras<6 %.

As additional quality control measures, the performance of the instrument was regularly

confirmed by injection of thermaxidized stigmasterol as reference sample.

3.2.3. Complementary Analysis of Enriched Margarind3efore and After Heat

Treatments

3.2.3.1 HeatingExperiments

Microwave Heating

Margarine (1g, accuracy oft 0.1 mg) was weighed into a 250L glass bottle (55cm i.d. at the
bottom, resulting surface area in contact with air @4). The bottle was sealed with a filter disk
and the samples were heated forndin in a microwave at 800/. After cooling to room
temperature, the sample was dissolved in chlorofornd dransferred to a graduated flask with a

final volume of 20mL.
Pan-Frying

Margarine (1g, accuracy oft 0.1 mg) was placed in the middle of Befloncoated frying pan
(Tefal, diam. 12m). The temperature of the enriched margarines was recorded every ®h

an infrared thermometer (MeasuPro IRT20) during the heating procedure to assure similar
temperature profiles for both margarinesThe heating process was repeated several times and
was shown to be reproducible. Aftem8in of heating, the pan wagmoved from the cooker and
cooled to room temperature. Subsequentifet heated sample was dissolved in chloroform and

transferred to a graduated flask with a final volume ofi2D.
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OvenHeating in a Bottle

Margarine (1g, accuracy oft 0.1 mg) was weighednto a 250mL glass bottle (5.5@m i.d. at the
bottom, resulting surface area in contact with air @#). The bottle was sealed with perforated
aluminum foil that was fixed with a hose clamp and heated in an oven farni2@t 200°C after
pre-heating tie oven at 200C for 40min. After cooling to room temperature, the sample was

dissolved in chloroform and transferred to a graduated flask with a final volume ot 20
OvenHeating in a Casserole

Margarine (2.9, accuracy ofr 0.1 mg) was greased in easserolegurface are&46.25 cnr’) and
heated in an oven for 2@in at 200°C after preheating the oven at 200C for 40min. After
cooling to room temperature, the sample was dissolved in chloroform and transferred to a

graduated flask with a final vatue of 50mL.

All heat treatments were performed in duplicate.

3.2.3.2 Sample Preparatiomnd UHPLEAPCIMS Analysis

Either 30mg (accuracy ot 0.1mg) of the nonheated margarine or an aliquot of the heated
samples corresponding to 30ig of originallyused margarine was put into a vessel, the solvent
was removed under a gentle stream of nitrogen if necessary, anqu3@d the internal standard
cholesteryl palmitate [2.5ng/mL] was added. Subsequently, the samples were prapare
according to sections 321 and 3.2.1.2.UHPLEAPCIMS analyses were carried out using the
6430 triple quadrupole mass selective detecfdgilent Technologies, Waldbronn, Germany). All
other parameters were set as described in section 342.for quantitative analysis of the
margarine enriched with phytostanyl fatty acid esters, the MS detector was adjusted to monitor
positive ions in the selected ion monitoring (SIM) mode withheell time of40ms atm/z 369.3,

385.3, and 399 3espectivey.

3.2.3.3 Sample Preparation for Ghine L&GC Analysis

For analyses of the nameated margarine, 15hg material 4ccuracy ot 0.1 mg) was directly
weighed into 1ImL vials and subjected to further analysis. For analyses of the heated margarines,
aliquas corresponding to 15fhg of originally used margarine for analysis of phytosterol
oxidation products were placed into ML vials. To the samples, 0.03%g of 5,&-
epoxycholesterol (kb and 0.036ng of #ketocholesterol (I§ were added as internal stdards;

to the margarine eriched with phytosterylfstanyl fatty acid esters that was heatedtire oven in

the casserole, 0.1thg and 0.13ng of ISand 13 were added, respectivelyl he transesterification
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for extraction of the phytosterol oxidation prodts and the subsequent acetylation were
performed as described above (cf. 3.2.2.4). The residues were dissolved-1mQ.5of n-
hexane/MTBESo-propanol (80:20:0.3, v/viv), depending on the expected concentrations of
phytosterol oxidation products in theample, and subjected to dine LGGC analysis according to

the established and validated parameters (cf. 3.2.2.5).

3.2.3.4 Statistical Analysis

IBM SPSS Statistics (version 23) was used for statistical analyses. The impact of the heating
procedures was evaluated by omay ANOVA. Levels of significanp€0.001: highly significant
(***); p<0.01: very significant (**)p<0.05: significant (*). Stestically significant differences
0SUsSSYy UKS YSIya 6SNBE ARSYyxA@®GASR o0& ¢dzl S&Qa
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4 RESULTS AND DISCUSSION

4.1  Method Development for the Analysis of Intact Phytosteryl and/or
Phytostanyl Fatty Acid Estera Enriched Foods

Suitable analytical methods allowing the elucidation of the individual inphgtosteryl/-stanyl

fatty acidesters are of scientific interest for several reasons. First of all, knowing the detailed
qualitative and quantitative compoditn oftheseesters in enriched foods is the essential basis for
authenticity assessments as required by the aforementioned regulations. An additional aspect
reinforcing the importance of being able to characterize the ester preparations on an individual
basis in their intact formsre the potential difference between individual phytosterylstanyl
esters concerning their cholesterlmwering efficacies due to differences regarding intestinal
hydrolysis. Further, gsreviouslydiscussd, for a comprehense/characterization of the effects of
oxidation processes on enriched foods, a differential detection of the individual intact esters is
required.

Dueto the thermal degradationsf the intact esters in the course of é@sed analysjsas for
example desdbed by (Barnsteineet al,, 2011; 2012)| Cbased approaches seem to be more
advisable. Despite the described progresé&f. 2.4.1), the presently availableLCbased
methodologies do only allow the quantita# investigation of mixturescontaining only
phytosteryl fatty acid esterson an individual basis. However, for those ester preparations
commonlyused for the enrichment of foods.e. either mixtures of phytostanyl fatty acid esters

or even more complex mixtures of both, phytostanyl and phytostdatty acid esters,
appropriate methodologies enabling a quantitative determination of the individual intact esters

are lacking.

4.1.1 Analysis of Phytostanyl Fatty Acid Esters in Enriched Foods via UAPCD/S

Thereis a variety ofoods available on #h European market enriched with mixtures containing
solely phytostanyl fatty acid ester§herefore,as a first stepa thermally nondestructive, rapid,

and sensitive chromatographic method based OhPL&eparation in combination with MS
detection for the quantitation of intact phytostanyl fatty acid estevgas developedAs mass
spectrometer, a Dionex MSQ single quad instrument was WBaskd on the fatty acid profiles of
those oils authorized as sources, stanyl esters of long chain fatty acid€g9Mere expected to

occur in the enrichedoods Eigure11). This was further ascertained kprevious GCGbased
research, where several long chain fatty acid esters of sitostanol and campestanol were identified
in phytostanyl esteenriched foodgBamnsteineret al, 2011).
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alkylsidechain(R,) acylmoiety (R,CO)
phytostanyl _ _
fatty acidester R /\/H/ C16:0, C16:1
campestanyl C18:0, C18:1, C18:2, C18::
o C20:0, C20:1
o
. C22.0, C:22:1
sitostanyl

Figurell. Structural wariability of campestanyl and sitostanyl fatty acid esters occurring in phytostanyl
esterenriched foods.

The suitability of the approach should be demonstrated using differerésyqf enriched foods
reflecting the diversity in @ential matrices (skimmed mi#rinking yogurt, margarine, and soft

cheesestyle spread).

4.1.11 Method Development and Optimization

As first step of the method developmenpromercially avidable cholesteryl esters werasedto
investigate the princile chromatographic behavior of steryl fatty acid estesing positivaon
APCIMS, an intense formation of the fragment ion {I¥A+H], resulting from the loss of the fatty
acid due to an irsource fagmentation of the esterdias been described fdroth phytosteryl and
phytostanyl fatty acid ester@Mezineet al., 2003;Rudellet al,, 201% Ishida, 2014)Therefore, in
order to establish suitable LC conditions, the MS detector was operated in thigvpésn APCI
SIM mode am/z 369.3, corresponding to the mass of the-f+H] fragment ion of cholesteryl
esters.Formerefforts to establish RIBGbased analyses of individual plant steryl fatty acid esters
mainly used C18 column@Billheimeret al, 1983 Evershedet al., 1987 Gordon and Griffith,
19923 1992 Kuksiset al., 1986 Caboniet al., 2005 Ishida, 2014)Another study employed a
hexyl phenyl column; however, this column also did not yield sufficient separdlitemineet al,,
2003) Inthe present studyat firsta C8 colummvith a particle size of im was testedrevealing

a promising separation of cholesteryl esters of fatty acids that were expected to be the major
esterified fatty acids in the enriched foodSigure12 A). Though, the resolution of the palmitic
acid ester and the oleic acid estesas incompleteThis would have been a particular problem
with regardto the analysis oénrichedfoods as the fatty acid mixtures used for the esterification
of the phytostanolshave previously been described sthow a clear dominance of linoleic acid
comparedto palmitic acid(Barnsteineret al, 2011) Transferring the methodology ta UHPLC
system using aC8 column with sub @m particles significantlyimprovedpeak shapessensitivity,
and the chromatographicseparation Besides a tortened analysis time, most notably, a
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satisfactory resolution of the peak pair of cholestetgtO and cholesteryl8:1 could thus be

achievedFigurel2B).

In contrast to the approach descatl by Mezineet al. (2003), aMeOHH,O step gradient was
chosen instead of a linear gradient of acetonitrile in watbe gradient elution improved
chromatographic separation arithe use of methanol also provided a much better resolution and
peak shape. In addition, an enhanced ionization efficiency has been ascribed to methanol as
solvent in LAAPCIMS applications due to a reduced proton affinitynen compared to

acetonitrile (Kostiainen and Kauppila, 2009).
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Figurel2. RRHPLC separation of cholesteryl fatty acid esters: Overlay of@IRIC¢thromatograms on a
5pm C8 column Dionex Ultimate 3000MN Licrospher RR50mm x3 mm i.d.; 90% MeOHin HO to
95% MeOH in2 min, 95% MeOH until Bnin, to 100% MeOH between 5 and 20in; 0.8mL/min, 5L
injection volume column temperaturef0°C) fA) and d APGISIM chromatograms on a 1jm C8 column
(B) at m/z 369.3, corrsponding to [MFA+H] (for conditionscf. 3.2.1.3.

Based on the established conditions, the separation of sitostanyl and campestanyl fatty acid
esters as to be expected in phytostanyl estariched foods was investigated usingnthesized
referencecompoundsof stanyl esters of fatty acids occurring in the vegetable oils authorized as

sources(SCF, 2000033 2003b) The MS detector was operated in the positia APCI SIM
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mode, atm/z 385.3 for campestanyl fatty acid esters, andnaz 399.3 forsitostanyl fatty acid
esters.The 17 um C8 column was shown to enable a separation of all stanyl fatty acid esters
consisting of the sam@hytostanol nucleus within a rather short analysis time (12 min). The
achieved resolution factors were all higher thda. Those esters exhibiting different stanol nuclei
were further distinguishediia the selection ofmasses corresponding to the fragment ions-[M
FA+H] in the SIM mode Overlays of the chromatograms obtained for the synthesized

campestanyl and siianylfatty acid esters are shown Figurel3.
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Figurel3. RRUHPLC based separation of synthesizedqstgnyl fatty acid esteson a 17 um C8 column:
Overlay of APE3IM chromatograms of campestanyl fatty acid estersndt 385.2 and of APEIM
chromatograms of sitostanyl fatty acid estersnatz 399.2, corresponding to the [MFA+H] fragment ions.

The order of elution was impacted by badtie chain length and the degree of saturation of the
esterified fatty acids: the lower the carbon number and the higher the number of double bonds,
the shorter was the retention time, analogous to the separation observed for the cholesteryl
esters. Additnally, campestanyl fatty acid esters eluted earlier than the corresponding sitostanyl
fatty acid esters. The observed retention behavior is similar to elution profiles described for
phytosteryl/-stanyl fatty acid esters on reversed phag¢Bdlheimeret al., 1983 Evershecet al,

1987 Mezineet al,, 2003;Caboniet al., 2005)
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Full scan APCI mass speatfathe synthesized reference compounds were recorded under the
established L€onditions; as exampleshe positiveion full scan mass spectra of sitostaiid:0

and sitostanytl8:3are shownin Figurel4.
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Figureld. APGCIMS full scan gectra of sitostany}18:0 (A) and sitostanyll8:3 (B): [M+H], protonated
molecular ion; [FA], fatty aciddr conditions,cf. 3.2.1.3.

The fragment ion [MFA+H] used for detection of the standard compounds was shown to
constitute the base peak of all stanyl fattacid ester spectrafor the employed MS
instrumentation,a cone voltage of 89 turned out to be optimum for the formation of this ion.
Protonated molecular ions [M+Hjwere only observed inspectra of stanols esterified to
unsaturated fatty acids; howewv, intensities were low for stanyl esters of mennsaturated fatty
acids, whereas polynsaturation favored the formation of molecular ions. Likewise, the extent of
the formation of a characteristic fragment ion [FA*prrelated with the number of doub

bonds in the fatty acid moiety.

4.11.2 UHR.GAPCIMS Quartitation

As the fragmenton [M-FA+H] occurred in high abundance in the mass spectra of all estiees,
respective quantitation of campestanyl fatty acid esterm/g 385.3) and sitostanyl fatty acid
esters (n/z 399.3) in SIM mode was based on this ion. The employed internal standard cholesteryl
linolenate was also detected in SIM modenatz 369.3, the massccordinglycorresponding to

the fragment ion [MFA+H]. Thechromatographic usefulness of cholesteryl linolenate as internal

73



RESULTS AND DISCUSSION

standard was confirmed via injection and subsequent selected ion monitoringza885.3 and

m/z 399.3. The compound exhibited a fragment iomatk 385, indicating a cleavage of the acyl
moiety. Owing to the shorter retention time of the internal standard, this fragment ion did not
impair campestanyl ester quantitation and therefore its concentration dependency was not
further pursued.In contrast, he cheaper and easier available cholestgrglmitate was not
sufficiently separated from campestanyl linolenate amalstherefore notconsideredappropriate

as internal standardA compilation of chromatographic data and selected ions for individual

phytostanyl fatty acid esters is shownTable6.

Table6. Relative retention times (RRT), and selected ions of individual phytostanyl fatty acid esters.

no.  stanyl fatty acid ester RRT® [M-FA+H] m/z°
1 campestanyil8:3 1.165 385.3
2 campestanyil6:1 1.240 385.3
3 campestanyll8:2 1.291 385.3
4 campestanyil6:0 1.362 385.3
5 campestanyil8:1 1.421 385.3
6 campestanyl8:0 1.553 385.3
7 campestanyR0:1 1.613 385.3
8 campestanyR0:0 1.742 385.3
9 sitostany18:3 1.252 399.3
10 sitostanyt16:1 1.334 399.3
11 sitostanyt18:2 1.376 399.3
12 sitostany}16:0 1.459 399.3
13 sitostany#18:1 1.505 399.3
14 sitostany#18:0 1.651 399.3
15 sitostany#20:1 1.707 399.3
16 sitostanyt20:0 1.836 399.3
17 sitostanyt22:1 1.893 399.3
18 sitostanyt22:0 2.019 399.2

? Retention times relative to cholesteryl linolenate (Kinetex C8pny.
® Relative retention times and mass spectra were determined using synthesized reference compounds.

In order tocompensate for varying detector responses of distinct stanyl fatty acid esters, external
five-point-calibration functions were generated, calibrating the response ratio of each individual
stanyl fatty acid ester and the internal standard. Only for campegth8:0, -20:0, and-20:1

three-point-calibration functions were used, because of the lack of responses for these

components in the calibration mixtures at the lowest concentrations.

4.11.3 Method Validation

The developed approach was validatedtenms of LOD, LOQ, linearity, application to different

matrices, repeatability, reproducibility, and recovery ratesThe determined limits of detection

74



RESULTS AND DISCUSSION

and limits of quantitation of the individugllant stanyl fatty acid estergccurring in the mixture
STAESTI5 together with the characteristics of their respective calibration curves are given in
Table7. For campestanyl fatty acid esters, the LOD and LOQ were in the same order of magnitude
as those achieved for the previously describedi@ged approact{Barnsteineret al, 2011) In
contrad, for sitostanyl esters (except for palmitate), the LOD and LOQ obtained via the UHPLC
analysis were considerably lower; this reflects the increased thermal degradation of these later
eluting compounds in the course of high temperature Gi@ coefficiers ofcorrelation ¢°) were

in the range of 0.9914 0.9997, confirming a linear relationship of each plant stanyl fatty acid
ester within the respective concentration range in comparison to the internal standard. Area
ratios and amount ratios of the invagated plant stanyl esters were consistently within the range

of the calibration.

Table7. LOD, LOQ, and characteristics of calibration curves of individual phytostanyl fatty acid esters.

stanyl fatty acid ester LOD LOQ slope intercept r?
[ug/mLf  [ug/mLF

campestanyil8:3 0.09 0.28 0.2728 0.0023 0.9996
campestanyil 8:2 0.10 0.30 0.2189 0.0040 0.9996
campestanyll6:0 0.06 0.17 0.3397 0.0024 0.9984
campestanyil8:1 0.11 0.32 0.2250 0.0120 0.9997
campestanyil8:0 0.10 0.28 0.4259 -0.0011 0.9936
campestanyR0:1 0.07 0.21 0.2977 -0.0004 0.9994
campestany?0:0 0.10 0.25 0.5455 -0.0007 0.9914
sitostany18:3 0.05 0.16 0.1994 0.0109 0.9959
sitostanyt18:2 0.09 0.26 0.1595 0.0228 0.9992
sitostany16:0 0.04 0.13 0.3162 0.0108 0.9989
sitostany}18:1 0.07 0.21 0.1644 0.0872 0.9988
sitostany}18:0 0.06 0.17 0.3347 0.0043 0.9990
sitostanyt20:1 0.08 0.25 0.1788 0.0040 0.9927
sitostanyt20:0 0.04 0.10 0.3442 0.0026 0.9962
sitostanyt22:1 0.05 0.15 0.1470 0.0018 0.9979
sitostanyt22:0 0.03 0.09 0.3043 0.0024 0.9923

% LOD and LOQ were determined using the plant stanyl fatty acid mis®TFAEST15% and are expressed ag/mL of
injection volume, determined on the basis of Q8 injection volumegLOD, LOQ, anchlibration curves were not
determined for campestanyl6:1 and sitostanyl6:1, as these compounds could not be detected in any of the
samples analyzed.

Plant Stanyl Fatty Acid Estein Skimmed MilkDrinking Yogirts

Skimmed milldrinking yogurts were selected to test the suitability of the developed UHR@
MS methodology because they are examples for prebgised, lowfat enriched dairy products.
For this food category a method allowing the fast extraction of intact fattgt sizinyl esters has

been described, based on acid digestion of the protein mg®arnsteineret al, 2011) No
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degradation or hydrolysis of the esters has been observed during this workupBaepsteineret

al., 2011 Escheet al, 2013a) Due to the &t content of only 2.26 in this type of product, no
interferences with lipid matrix constituents during chromatographic analysis were expected.
Preliminary LBAS experiments revealed a pronounced signal suppression caused-diyticg
triglycerides onlyif the ratio of triglycerides and plant stanyl fatty acid esters in the injection
solutions was higher than 1. EtOAc was chosen as injection solvent as the stanyl ester extracts
could not be completely dissolved in more polar media. The SIM chromatogosraarhpestanyl

and sitostanyl fatty acid ests extracted from skimmed millirinking yogurts are showm Figure

15.
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Figurel5. UHPLEAPGIMS analysis of phytostanyl fatty acid esters extractesimf phytostanyl ester
enrichedskimmed milkdrinking yoaurt. SIM chromatogram of campestanyl fatty acid estersné& 385.3
(A), and SIM chromatogram of sitostanyl fatty acid esters&t 399.3(B), corresponding to the respective
[M-FA+H] fragment ions.The peak numbering is in accordance with thafable6. The asterisk in panel
(A) is derived from the internal standard cholestey8:3. For conditionscf. 3.2.1.3.

The detailed compositions of phytostanyl fatty acid esters and the total contents of phytostanyl

esters determind in skimmel milk-drinking yogurts aregiven in Table 8 and Table 9.
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Table8. Repeatability and reproducibility data for the UHPARBGIMS analysis dhdividualphytostanyl fatty acid esters iphytostanyl estefenriched skimmed milklrinking

yogurt(no. 1).

stanyl fatty acid ester operator | operator Il mean CV [%]

[a/kg] day 1 day 2 day 3 day 1
campestanyll8:3 0.91+ 0.05' 0.94+0.04 0.8€ £ 0.04 0.8¢ £ 0.02 0.9C + 0.05’ 5.1
campestanyll8:2 2.11+£0.02 2.14+0.05 2.0¢+0.01 2.14+0.03 2.12+0.04 1.7
campestanyll6:0 0.4¢+0.01 0.4€ £ 0.00 0.4¢ + 0.02 0.4¢ £ 0.01 0.4¢+0.01 2.1
campestanyll8:1 6.52 £ 0.12 6.77+0.02 6.4¢+0.12 6.65 £ 0.09 6.6C +0.13 2.0
campestanyil8:0 0.1 £0.01 0.2C £ 0.02 0.2C+£0.03 0.1 £ 0.01 0.1€ + 0.02 8.7
campestanyR0:1 0.1z £ 0.02 0.14+0.02 0.12+£0.01 0.12+0.01 0.12+0.01 11.0
campestanyR0:0 0.0€ £ 0.00 0.0€ £ 0.00 0.0€ £ 0.00 0.07£0.01 0.0€ £ 0.01 7.8
sitostany}18:3 3.22+0.16 3.22+0.13 3.3+ 0.07 3.31+0.06 3.27+0.11 3.3
sitostanyl18:2 7.92+£0.12 7.8€ £ 0.08 7.8¢£0.19 7.84+0.05 7.87+0.11 14
sitostanyt16:0 1.72+0.03 1.71+£0.04 1.8¢+0.17 1.8C + 0.06 1.7¢ £ 0.11 6.2
sitostany18:1 25.85 + 0.36 26.0C £ 0.33 25.9t +0.43 26.0€ £ 0.23 25.97+0.31 1.2
sitostany}18:0 0.7€ £ 0.02 0.7€+0.04 0.7¢ + 0.06 0.7£+0.01 0.77+0.04 4.7
sitostanyt20:1 0.4z £0.01 0.41+0.05 0.37+£0.03 0.47£0.04 0.42 £ 0.05 11.3
sitostanyt20:0 0.2C £ 0.02 0.2C+0.01 0.21+0.02 0.1€ £ 0.02 0.2C £ 0.02 8.4
sitostanyt22:0 0.07 £ 0.00 0.0¢€ £ 0.01 0.0¢ £ 0.01 0.0¢ £ 0.01 0.0€ £ 0.01 17.6

total esters 50.57+ 0.76 50.9¢ + 0.13 50.82 + 0.24 51.0£ £ 0.20 50.8€ + 0.40 08

# Values represent the mean + standard deviation (n=3).

® Values represent the mean of all analyses + standard deviation (n=12).
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Table9. Repeatability and reproducibility data for the UHPARBGIMS analysis of individual phytostanyl fatty acid esters in phyidtesterenriched skimmed milklrinking

yoghurt fi0. 2).

stanyl fatty acid ester operator | operator Il mean CV [%]

[a/kg] day 1 day 2 day 3 day 1
campestanyll8:3 0.81+0.07 0.82 £ 0.03 0.8¢ £ 0.04 0.8¢ £ 0.05 0.85 £ 0.06 7.0
campestanyll8:2 2.0t £ 0.05 2.12+0.10 2.1C+0.01 1.9€ + 0.00 2.07+0.07 3.4
campestanyll6:0 0.4¢ £ 0.04 0.4€ £ 0.00 0.5C £ 0.05 0.4€ £ 0.03 0.48 £ 0.03 5.8
campestanyll8:1 6.5¢ + 0.09 6.57+0.11 6.8z + 0.15 6.67 £ 0.06 6.67+0.14 2.1
campestanyil8:0 0.1€ £ 0.02 0.1€ £ 0.00 0.2C £ 0.02 0.1€ £ 0.03 0.1€ + 0.02 10.5
campestanyR0:1 0.14 £ 0.02 0.14+0.01 0.14+0.01 0.12+0.01 0.14+0.01 104
campestany?0:0 0.07+0.01 0.07 £ 0.00 0.07+£0.01 0.0€ £0.01 0.07+0.01 11.8
sitostany}18:3 3.17+£0.05 3.27+0.06 3.3+ 0.09 3.21+0.01 3.2£+0.08 25
sitostanyl18:2 7.94+0.20 8.01+0.13 8.12+ 0.05 7.91+0.08 8.0C+0.14 1.8
sitostanyt16:0 1.82+ 0.06 1.87+ 0.04 1.6€ + 0.06 1.7€+0.01 1.7¢ £ 0.09 5.1
sitostany18:1 26.41+0.30 26.42 +0.37 26.7¢ £ 0.61 26.8€ £ 0.70 26.6z + 0.49 1.9
sitostanyt18:0 0.74+£0.01 0.74+0.05 0.7:2+£0.01 0.8C £ 0.03 0.75+0.04 5.1
sitostanyt20:1 0.4€ £ 0.05 0.4 £ 0.04 0.32£0.01 0.4¢€ £ 0.02 0.42+0.07 17.3
sitostanyt20:0 0.21+£0.03 0.2C £ 0.01 0.2z £0.01 0.21+£0.02 0.21+£0.02 8.0
sitostanyt22:0 0.1C+£0.01 0.0¢€ £ 0.03 0.0¢ £ 0.00 0.11+£0.01 0.0¢ £ 0.02 19.0

total esters 51.17+ 0.57 51.45 + 0.59 51.9¢ + 0.83 51.7¢ £ 0.77 51.6C + 0.68 1.3

% Values represent the mean + standard deviation (n=3).

® Values represent the mean of alhalyses + standard deviation (n=12).
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Oleic acid esters dominated followed by esters of linoleic, linolenic, and palmitic acid, whereas the

fatty acids consisting of 20 and 22 carbon atoms were only esterified to a minor egiént;

pattern indicated rapeseed oil as fatty acid source for esterification (Codex Alimentarius, 1999).
¢KS OFftOdA  GSR FY2dzyia 2F G201t LKed2adly2ta ¢
stanol 30 £ 0@ Ly | RRAGAZ2Y I oOonténk aritl & centageRos@ibutivngl f S a
determined via the presented approach are corresponding to data obtained via GC/FID on intact

plant stanyl fatty acid esters in yogurt drinks of the same type and b(Bagdnsteineret al,

2011) Phytostanyl esters gdalmitoleic acid could not be identified, and sitosta@gt1 was also

not detectable in the present work; however, a direct comparison of the two approaches, in that
respect, is not possible due to-etutions of esters of saturated and monounsaturated fatty acids

in the GGhased method. Two bottles from different batches were analyzed in triplicate on three

days by one operator, revealing excellent repeatability of the method. A quantitation of
comparable estecontents after analysis of the samples by a second operator demonstrated the
reproducibility of the methodThis was supported by excellent coefficients of variation of 0.8 and

1.3% for the quantitation of the total esters; only for some loancentratel esters, the

coefficients of variation were >1%.

Plant Stanyl Fatty Acid Esters in Enriched Margarines

Margarines enriched with plant stanyl fatty acid esters were selected as example foasad

food matrices. In this case, prior removalinferfering lipid matrix constituents was required.
Recently, aminopropythased solid phase extraction was shown to be a suitable tool for the
selective separation of plant stanyl fatty acid esters from other liffidscheet al, 2012;
Oelschlageet al, 2012) Hence, a rapid and efficient SP&sed preseparation was established,
using aminopropyimodified silica cartridges and a mixture mhexane/diethyl ether (99:1, v/v)

for the selectiveelution of phytostanyl fatty acid ester§.able10 shows the quantitative data
obtained after investigation of a commercial margarine on three different days and additionally
by a second operator; the results wergood regarding both overall repeatability and
reproducibilitywith a CV of 1.44 Similar tothe analyses of the skimmed mikinking yogurt, the
quantitatively minor esters revealed higher C\fe calculated contents of total phytostanols
were in very good agreement with the amounts declared on the ldbeaccordancewith the
pattern of the esters detected in skimmed milltrinking yogurts, the distribution of the plant
stanyl fatty acid esters determined in margarine suggested rapeseed fatty acids having been used
for esterification. In addition to the compmds determined in skimmed millrinking yogurts,
sitostanyt22:1 could also be detected and quantitated, accounting for approximatel{yo0d3

total esters in the margarine sample.
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TablelO. Repeatability and reproducibility data for the UHPARCIMS analysis of individual phytostanyl fatty acid estefgshytostanyl esterenriched margane (no. 1)

stanyl fatty acid ester operator | operator Il mean CV [%]

[a/kg] day 1 day 2 day 3 day 1
campestanyil8:3 2.52+0.05' 2.4z £0.02 2.67+0.01 2.71+0.08 2.56+0.13 5.1
campestanyll8:2 8.12+0.22 7.9¢+0.42 8.1£ £ 0.02 8.5C £ 0.03 8.1¢+0.28 3.4
campestanyll6:0 2.0€ £ 0.06 2.12+0.23 2.0¢ £ 0.07 2.1£€ £0.03 2.12+0.12 5.5
campestanyil8:1 27.15 + 0.27 27.4¢ + 0.80 27.7: +0.27 27.0€ + 0.36 27.3€+0.49 1.8
campestanyil8:0 0.65 + 0.05 0.6€ £ 0.06 0.71+£0.02 0.7z £0.08 0.6€ = 0.06 8.5
campestanyP0:1 0.6z+0.12 0.52£0.15 0.5£ £ 0.02 0.5€ £ 0.04 0.57+0.10 17.4
campestanyR0:0 0.2£ £ 0.05 0.24 £ 0.06 0.2€ £ 0.03 0.27+0.03 0.25+0.04 151
sitostany}18:3 5.81+0.21 5.32+0.21 5.57+ 0.08 5.3:+0.17 5.51+0.26 4.6
sitostanyl18:2 18.82+0.18 18.5¢ £ 0.32 18.3(+£ 0.29 19.0: £ 0.54 18.6€ £ 0.42 2.3
sitostany}16:0 4,73 £ 0.08 5.0€ + 0.63 5.0£+0.18 5.17+0.19 5.01+0.34 6.8
sitostany18:1 66.5¢+1.10 68.1C + 1.25 68.5:+1.15 66.52 + 0.35 67.4z+1.29 1.9
sitostany}18:0 1.8£+0.12 1.7¢ £ 0.17 1.9C+ 0.06 1.7+ 0.11 1.81+0.13 7.2
sitostanyt20:1 0.9 £ 0.06 1.1+ 0.11 1.0¢€ + 0.06 1.0€ +0.13 1.07+£0.12 111
sitostanyt20:0 0.51+ 0.07 0.54+0.11 0.55 £ 0.02 0.5z £ 0.03 0.52+0.06 11.0
sitostanyt22:1 0.5 0.12 0.4t 0.11 0.47 0.07 0.5 0.07 0.5C 0.09 18.0
sitostanyt22:0 0.2+ 0.05 0.2C £ 0.05 0.2£ £ 0.00 0.27 £ 0.05 0.24+0.05 20.0

total esters 141.3¢+1.82 142.62 + 3.17 143.8¢+£1.43 142.2 £ 0.60 14251+ 1.95 14

% Values represent the mean + standard deviation (n=3).

® Values represent the mean of all analyses + standard deviation (n=12).
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Plant Stanyl Fatty Acid Esters in SQiheeseStyle Spread

The softcheesestyle spread was selectddr further method validatiorbecause ittontainsboth
considerable amounts of protein and fat. Consequently, a combinatiothefacid digeson
applied to the skimmed mitdrinking yogurts and the solid phase extraction employed for
removal of triglycerides in the margarine sample was used for this type of product. This allowed
such a complex food matrix also to be analyzedckjyi and without further methodological
modifications. The distributions of the plant stanyl fatty acid esters analyzédo packages of
soft cheesestyle spread resembled those determined in drinking yogurts and nrargaonce
more indicating rapseedoil as fatty acid source and at the same time confirming the reliability of
the established analytical approachablell and Tablel2 present the quantitative data for two
packages ofoft cheesestyle spread obtained by triplicate analyses on three days and by an
additional second operator, theioverall low deviations preing good repeatability and good
reproducibility. However, as previously observed, for the lower concentrated phytostanyl esters,
coefficients of variations of 10 to P& were revealed.The calculated amounts of total

phytostanot matched thecontents dechred on the package labeling
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Tablell. Repeatability and reproducibility data fehe UHPL@APCIMS analysis oindividual phytoganyl fatty acid esters iphytostanyl estefenriched softcheesestyle

spread(no. 1).

stanyl fatty acid ester operator | operator Il mean CV [%]

[g/ka] day 1 day 2 day 3 day 1
campestanyll8:3 1.2C + 0.03 1.2+ 0.03 1.14+0.03 1.1£ £ 0.04 1.1€ + 0.04 3.1
campestanyll8:2 2.6¢+0.11 2.67+0.11 2.4¢ + 0.06 2.6¢ + 0.06 2.62+0.12 4.4
campestanytl6:0 0.67 £ 0.03 0.5€ £ 0.08 0.54 £ 0.02 0.64 £ 0.07 0.6C = 0.07 12.4
campestanyil8:1 8.37+£0.11 8.17+0.21 8.3t £0.24 8.4C £ 0.04 8.32+0.17 2.0
campestanyil8:0 0.24+0.01 0.2€ +0.01 0.31+0.03 0.3€ + 0.01 0.3C+0.05 15.8
campestanyR0:1 0.17+0.01 0.2C £ 0.02 0.1€ £ 0.02 0.1¢€ £ 0.03 0.1€ £ 0.02 131
campestanyl0:0 0.07 £ 0.00 0.0¢ £ 0.01 0.07+£0.01 0.0¢ £ 0.01 0.0€ £ 0.01 16.5
sitostany}18:3 4.4¢ + 0.03 454+ 0.04 4.5¢+0.12 452 +0.01 452 + 0.07 15
sitostanyl18:2 10.9¢ + 0.05 10.92+ 0.04 10.9( £ 0.43 11.0€ £0.10 10.97+0.20 1.8
sitostany}16:0 2.5€ + 0.09 2.5¢+0.03 2.41+0.06 2.57+0.09 2.53+0.10 3.9
sitostany18:1 36.1¢+ 0.34 35.9¢+0.33 37.46+0.52 36.0¢ + 0.46 36.44+0.73 2.0
sitostanyt18:0 1.11+0.03 1.1+ 0.04 1.0z £ 0.04 1.11+ 0.07 1.0€ £ 0.05 4.9
sitostanyt20:1 0.6€ £ 0.07 0.72 £ 0.00 0.6 £ 0.07 0.67 £ 0.05 0.67 £ 0.06 8.3
sitostanyt20:0 0.3¢+0.05 0.3¢ £ 0.03 0.27+£0.02 0.3 £ 0.03 0.3+ 0.05 15.6
sitostanyt22:0 0.12+£0.02 0.1£ £ 0.02 0.11+£0.01 0.12+£0.01 0.12+0.02 16.1

total esters 69.91+ 0.35 69.5€ + 0.32 70.5:+1.21 70.0¢+0.38 70.01+0.68 1.0

% Values represent the mean + standard deviation (n=3).

® Values represent the mean of alhalyses + standard deviation (n=12).






















































































































































































































































































































































